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ABSTRACT
New Polymers for Biomedical Application
Synthesis and Polymerization of Malolactone Esters
(September 1983)
Douglas B. Johns
B,S., Philadelphia College of Textiles and Science
M.S., Ph.D., University of Massachusetts
Directed by: Dr. R. W. Lenz
Biodegradable polymers, derived from multifunctional
hydroxyacids for slow release biomedical applications, were the objec-
tives of this investigation. Poly(3-malic acid) was prepared by the
ring opening polymerization of benzyl malolactonate , followed by
hydrogenolysis of the resulting benzyl ester. Malolactonate ester
monomers, including the methyl, ethyl, i-propyl, t-butyl, and benzyl
esters, were prepared in 80 percent yields from aqueous solutions of
the sodium salts of the various broraosuccinate esters utilizing a two
phase system. Proper selection of the reaction temperature and the
organic phase afforded high yields in short reaction times without the
need for catalysts. Anionic, cationic, and organometallic initiators
were used for the polymerizations. Anionic reactions gave the best
results, but reactions with impurities and transfer to monomer during
polymerization prevented the formation of living polymers, although
molecular weights up to 50,000 were obtained. Conversion of
vi
poly( benzyl malolactonate ) to poly( 3-inalic acid) was accomplished by
catalytic hydrogenolysis at room temperature and atmospheric pressure.
No backbone degradation occurred under these conditions. The effect of
molecular weight, solvent, and catalyst on the rate of hydrogenolysis
was studied. The polymers were characterized by spectroscopic tech-
niques and thermal analysis. Biological-related evaluations to date,
including toxicity and immunogenic ity studies, are summarized.
vii
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CHAPTER I
INTRODUCTION
Overview
Much research in our laboratories has been directed toward the
preparation of new polymers with potential applications in the biome-
dical field.
^
^ Polymers derived from naturally occurring
hydroxyacids and aminoacids with potential biodegradabili ty for use
as polymeric drugs or drug carriers has constituted the majority of
this effort. The work has been carried out, for the most part, as a
cooperative research effort between the University of Massachusetts
and the C.N.R.S. Laboratoire des Substances Macromoleculaire in Mont
Saint Aignon, France. The former laboratory was to carry out synthe-
sis of new monomers and polymers and their characterization, while the
latter was to evaluate the materials' biological properties and deter-
mine potential applications
.
The original work of Vert and Lenz^ resulted in the very first
preparation of poly-3-malic acid, (PMA), a polymer derived from the
naturally occurring hydroxyacid, malic acid, by way of an intermediate
lactone, benzyl malolactonate , as shown schematically in Figure 1.
The optically active monomer and polymer have been recently prepared
as well.^ Problems in obtaining high molecular weight PMA were
encountered in both of these studies, however, and thus the objectives
2I O ^
U-U
I
O
of this investigation became not only to improve upon the existing
synthesis of racemlc benzyl malolactonate
, but to study the polymeri-
zation of this class of compound in detail in hopes of preparing high
molecular weight PMA as well as extend the work to other ester
derivatives
.
In the following pages of this chapter the concept of poly-
meric drugs and drug carriers, the rational for their development, and
the reasons for choosing PMA are presented. A general discussion of
the synthesis of lactones follows in Chapter II as well as a more
detailed discussion of the original work on PMA and the results of the
present investigation. Polymerization of the malolactonate esters is
discussed in Chapter III and characterization of their polymers in
Chapter IV. The experimental work is presented in Chapter V. A
review of the biomedical evaluations to date and suggestions for
future work are presented in Chapter VI.
Biomaterials
,
Polymeric Drugs, and
Drug Delivery Systems
Synthetic polymers have been finding applications in the
biomedical and pharmacological areas at a rapidly growing rate.
Biomaterials, defined as any substance, synthetic or natural, which
can be used to replace in whole or in part any tissue, organ or func-
tion of the body for a period of time, have received a great deal of
this attention. Synthetic polymers are often an important part of
these materials. Cardiovascular, dental, plastic and reconstructive.
ophthalmic, and neurosurgical implants as well as extracorporeal and
prostheses devices have been used in large scale with the number of
applications reaching the 10 million range in 1982^ Absorbable
sutures and sunscreens have also been used extensively and major
growth in these areas is expected.^
Polymers which are drugs themselves are also known, and many
have shovm the ability to reduce the growth rate of tumors, while
others have exhibited anti-viral activity, and some have even shown
a variety of biological activities. The hydrolyzed alternating
copolymer of divinyl ether and raaleic anhydride (1:2 ratio) has been
perhaps the most studied and has shovm anti-tumor and anti-viral acti-
vity by inducing the formation of interferon, anti-bacterial and anti-
fungal activity, inhibition toward adjuvant disease in rats (a
syndrome related to rheumatoid arthritis) and to be active in removing
polymeric plutonium from liver tissue when used in conjunction with
39
certain chelating agents. Most of the polymers which exhibit phar-
macological activity are polyanions, such as polycarboxylates
,
polysulfonates
,
polyphosphates , and natural polyanions such as
heparin. Detailed reports concerning them are
17,18,21,37-39
available,
PolyTneric drug delivery systems, another major area, have also
grown in importance. Many reviews concerning the use of synthetic
polymers in pharmacological applications, particularly for slow or
sustained release of drugs, pesticides and insecticides, have appeared
^"^^
and several symposia devoted to this topic have been held in
recent years. ^^-^^ r^^^^,,^ ^^^^ ^^^^^^ ^^.^^^ ^^^^ ^^^^^^^^
inherent in the normal methods of drug administration; i.e.. from oral
ingestion and injection.
To be effective a drug must reach the right place at the right
time and in sufficient amount. Most drugs are low molecular weight or
small molecules, and when taken, diffuse or are transported throughout
the entire body. Large amounts, relative to that which is actually
required, must be used to ensure that the drug reaches the appropriate
site. Further, drug concentrations with these conventional systems
often varies with time, and drug concentration has been found to be
extremely important. There is a minimum concentration, the thera-
peutic level, which must be reached in order for the drug to have any
effect, and a maximum concentration, the toxic limit, which if
exceeded can lead to undesirable side effects. The drug concentration
versus time profile for a conventional and ideal system is presented
in Figure 2. An ideal system would be one in which, after a short
induction period, the drug concentration reaches a value above the
therapeut ic level , but well below the toxic limit and remains constant
for a specified period of time (known as zero order release )
•
Conventional systems, however, do not generally follow this scheme.
After administration, the drug concentration increases, goes through a
maximum, and decreases, and another dose and cycle may be required.
The time the drug concentration is actually in the therapeutic range
is difficult to control. Obviously the ideal system has several
advantages. Reduced fluctuations in concentration would permit use of
r
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lower doses and could possibly result in fewer side effects, and since
drug administration would occur less frequently, improved patient
compliance would result. ^'^
The ideal system just described has been termed "controlled
release," and synthetic polymers have become an important part of this
developing technology. By incorporating drugs with polymers in some
manner, it was envisioned that the macroraolecular properties, such as
molecular weight, molecular weight distribution, tacticity, hydropho-
bic to hydrophilic group ratios, copolymer compositions, etc., could
be varied in key ways to produce more effective drugs. Many reviews
have recently dealt with the topic of structure-property relationships
of polymeric drugs and drug carriers for slow release applica-
9,10,1A-16
, ^
^'^'^^^
y and Donaruma and Vogl discussed these macromolecular
variables in detail and gave numerous examples of poljrmeric systems
17 18
and their potential applications. '
Polymers which release drugs continuously and in a controlled
manner have taken many forms. However, only four general mechanisms
of release have been used: diffusion, chemical, solvent controlled and
19
magnetism. Hildebrand has recently discussed these in detail.
5 1 A 20 2 2Several other recent reviews are also available * '
,
therefore,
only a very general description of each follows.
Diffusion controlled release
Two forms of diffusion controlled release have been used, and
in both cases the drug must migrate through the poljrmeric system to be
8released and is, therefore, diffusion controlled. One form has been
termed a reservoir system where the drug or core material has been
encapsulated by a permeable polymeric membrane. In the other, the
matrix systems, the polymer and drug are mixed throughout and then
formed to the desired shape. Steady release has been achieved with
reservoir systems, but a potential danger exists in that rupture of
the capsule could release all the drug at once. Steady release from
matrix preparations has been more difficult to achieve because the
distance the drug must diffuse generally increases with time.
(Initially the drug is at the surface and later must diffuse from
within.) Various shapes have been used to provide near constant
release, with slab, cylindrical, spherical, and hemisphere con-
figurations being most common. (A good description of constant
release from a hemisphere configuration is presented in Reference 19,
page 30.) Both systems suffer from the fact that if the polymer is
not bioerodible, the implant may require surgical removal at a later
time.
Transdermal devices of this type would not have this problem
and, in fact, several are presently being marketed by klza Corp.
(Palo Alto, California). Two examples are Occusert and Trans derm-V.
Occusert is a small disk which is placed on the eye and releases pilo-
carpine for glaucoma therapy with fewer side effects than when the
same drug is administered with eyedrops. Transderra-V is a patch which
is worn behind the ear and releases a drug for the treatment of motion
sickness with the added advantage of being able to remove or replace
it depending on how the individual is feeling.
Solvent controlled release
Solvent controlled release has been obtained by swelling or by
osmosis. In swelling systems drugs have been released from devices
similar to matrix systems but with the drug locked in place or unable
to diffuse out. The solvent must first penetrate and swell the device
so that the drug can diffuse out. Miniature osmotic pumps^^ have also
been designed to release drugs continuously. In these systems water
driven by osmosis, passes through an outer membrane and, as a result,
applies pressure on an inner flexible membrane containing the drug or
a solution of it. The drug is then released through a tiny, laser-
drilled hole.
Magnetic controlled release
Magnetic controlled release is simply a variation of matrix
systems v/here tiny magnetic beads have been incorporated. Application
of an oscillating magnetic field has produced as much as a thirty fold
increase in the rate of release of the drug. A complete explanation
of this phenomenon has not been presented to date, but Langer has
20
recently reviewed the concept of magnetic modulation.
Chemical release
Chemical release of a drug indicates that a chemical reaction
has been involved. Again, two main types have evolved. Bioerodible
systems, which are similar to the matrix and swelling systems
described previously, release drugs as the pol5aneric housing is eroded
or degraded with time. In the other main type, drugs, which have
10
either been attached to a polymer backbone as a pendant group or are
part of the backbone, are released by a chemical reaction, normally
hydrolysis. T^is latter^ethod differs from all the others in that
the drug is a single molecule as opposed to an engineered device.
This adds far more complexity to the situation as many more variables
are now involved, but also offers some unique advantages and
possibilities. It is this type which is of interest for the potential
applications of polyCg-malic acid).
Polymeric Drug Carriers of the Chemical Release Type
14Ringsdorf has described the ideal polymeric drug carrier of
the chemical release type and the essential parts of his model have
been reproduced schematically in Figure 3. The drug may be attached
to a suitable polymeric backbone as a pendant group either directly or
by means of a spacer. Other pedant groups may be used to impart water
or blood plasma solubility. The third part of the system is the
transport group which can be a non-specific resorption enhancer or a
group which is specific to certain biological systems, a homing device
or target molecule.
The use of target molecules in conjunction with polymeric drug
delivery systems has generated much interest in the area of cancer
13 23 2 A
research, * * Chemotherapy, the most popular method of treating
cancer when surgical removal of a tumor cannot be done, can be
dangerous because most drugs used in chemotherapy are poisonous to
normal as well as malignant cells. To use enough of the drug to do
11
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some good; i.e., to kill the malignant cells, often causes adverse
side effects, such as nausea, and loss of hair, and may even bring a
patient dangerously close to death. If a target molecule, which was
specific to a tumor, was bonded to a polymeric drug carrier and. upon
injection, would seek out and attach itself directly to the tumor,
several advantages over these current methods of cancer treatment may
be obtained. By attachment of the drug carrier to the tumor, local
concentrations of the drug could be increased and thus less drug could
be used. Smaller doses would reduce the severity of the side effects
alluded to previously. Furthermore, it may be possible to use more
powerful drugs so that the treatment of other cancerous cells (which
are not part of a tumor and, therefore, not easily located) becomes a
possibility.
Antibodies, substances produced in the body in response to
contact with an antigen, would be perfect target molecules because
these are known to be highly specific to certain cells and some are
even cytotoxic only to tumor cells, as Sevoian has pointed out.^^
Techniques for their development and isolation have been receiving a
24 25great deal of attention. ' Their use in targeting drugs has already
been applied with some success by Order and coworkers at Johns Hopkins
Comprehensive Cancer Center, where antibody proteins, obtained by
injecting rabbits with proteins (antigens) from the tumors of
patients, have been used to deliver highly radioactive iodine to tumor
26
cells. In another variation, toxins were attached chemically to
antibodies which were specific to antigens on the surface of tumor
as
cells, and virtually 100% of the antlgen-baarl„g cells were killed,
while cells lacking the antigen were unaffected," in an invitro
s tudy
.
Choice of Polymer
Many types of polymers can and have been considered for use
drug delivery systems. Obviously, certain requirements must be met
with the end result being a pharmacologically active system. First
and foremost, the polymeric system must be biocompatible, non-
antigenetic and non-toxic. Furthermore, degradation of the polymer
may occur and the same requirements must be met by the products of
degradation. Therefore, it is desirable to have a polymer with a well
defined structure whose degradation can be easily predicted and
studied. Polymers which are stable and do not degrade could be used
but problems involved in elimination from the body may be encountered,
and surgical removal has its drawbacks as already discussed. Thus,
polymers which biodegrade or degrade chemically by well known
mechanisms, to form low molecular weight residues capable of being
eliminated from the body by normal metabolic pathways, would be the
most desirable.
In addition to having a well defined structure to enable pre-
dictions of degradation, the polymer must also have some functionality
to allow attachment of the drug moiety and target molecules. Also,
groups which provide the necessary water or blood plasma solubility
must either be present or attached. Therefore, the presence of a
14
large number of functional groups in the polymer molecule would be
preferable to allow flexibility in tailoring the polymer to contain
the optimum amount of drug and appropriate solubility.
All of the macromolecular variables must also be considered,
especially molecular weight. If the polymer molecular weight is too
low it may not remain in the bloodstream long enough to perform its
function. On the other hand, too high a molecular weight may cause
problems such as solubility or penetration into various membranes and
cell walls, as well as toxicity, as was found with the copolymer of
divinyether and maleic anhydride of high molecular weight. In fact,
a number of biological activities were shown to vary with the molecu-
lar weights of polycarboxylates.^^ An optimum molecular weight and
distribution range probably exists for each polymer-drug combination
and control of these variables in preparation of the polymers clearly
becomes an important factor. Ottenbrite has suggested 50,000 as a
reasonable upper Unit for molecular weight.
All of the above mentioned factors were taken into account
when the original choice of preparing poly(3-malic acid) was made, and
some of the more important considerations follow,
1) A well defined linear PMA structure should be possible to
obtain from the 3-lactone of malic acid by the route
outlined in Figure 1.
2) The polymerization of 3-lactones has been widely studied
and molecular weight control in anionic polymerizations
has been possible in many cases; (although the
6-substituent may and actually does present problems as
discussed in a later section).
Polyesters, in general, have shown good
biocompatibility28.29,36^
^^^^ ^^^^
biodegradable. Poly(glycolic acid), polydactic acid),
and their copolymers
, and
poly-3-hydroxybutyrate^^"^^ are all reportedly
biodegradable
.
PMA should degrade to malic acid, by both hydrolysis and
biodegradation, and malic acid is a naturally occurring
compound and an enzymatic intermediate in the Citric Acid
or Krebs Cycle and should, therefore, be eliminated from
the body be normal metabolic pathways.
PMA has one pendant carboxylic acid group on every
repeating unit, and these groups could be used to impart
water solubility by neutralization or to attach amine or
alcohol containing compounds ' ' (drugs or target
molecules )
.
The presence of an asymmetric carbon atom provides the
opportunity to study the effect of chirality on biologi-
cal activity and to vary polyroer properties if the
various forms of the polymer can be isolated.
16
7) PMA could be a polymer drug itself as some polyanio
have been found to have anti-viral and anti-tumor
activities, as previously discussed.
ns
Nomenclature
Since carboxylic acids were among the earliest known organic
compounds, common names were often used. Usually, the common names
were a reflection of a natural source of the material. T^us malic
acid (Compound I. Figure 4), was named from the Latin word, malum,
meaning apple, because the acid is found in apples and other fruits.
This same compound has often been referred to as hydroxysuccinic acid,
and can be named by lUPAC rules'*^ as 2-hydroxy-l
,
4-butanedioic acid.
However, common names of carboxylic acids, for those containing up to
6 or 7 carbons, are still acceptable even by lUPAC rules. Small
Greek letters are used with common names to designate substituents and
numbers are used with systematic nomenclature as shown for I.^^
Lactones derived from materials bearing common names have also
been given common names. Thus, the lactone derived from malic acid
has been more often referred to as malolactonic acid (II) than
4-carboxy-2-oxetanone. A poljnner derived from it (III) would be named
similarly. It could be named poly(malolatonic acid) or
poly( 4-carboxy-2-oxetanone ) because polymers derived from cyclic mono-
mers by ring-opening polymerization are often named in this manner.
Polymers can also be named on the basis of their resulting
17
II
III
O Br
FIGURE 4
Nomenclature
1 OH 3 4
HOpC-CH-CHp-COnH
*Malic Acid
Hydroxysuccinic Acid
2"Hydroxy-l,4-butanedioic Acid
H-C—
c
H-C—
O
C02H
*Malolactonic Acid
4- Garb oxy-2-oxe tanone
o
^O-CH-CHp-CO
' ^ n
CO2H
*Poly (Malolactonic Acid)
*Poly(6-Malic Acid)
9 ^
CH3OC-CHCH2CO2H IV \^/CH^OC-CH2CH-C02H
^ *Methyl Broraosuccinate(s)
Methyl Hydrogen 2-Bromosuccinate Methyl Hydrogen 3-Bromosuccinate
3-Carborae thoxy-S-bromopropanoic 3-Carbomethoxy-2-broinopropanoic
Acid Acid
18
structare/5
^^^^ ^^^^^^ systematic names would be
acceptable. V.e common name in this case would be poly(6-malic acid)
where the beta. 3, has been used to indicate the polyester was formed
with the carboxylic acid function which was beta to the hydroxyl
group. (An alpha,a
,
form as well as an alpha and beta mixture could
also be possible, so a designation is required.)
Common names have often been used with dicarboxylic
acids/^ and esterification of them may lead to mono- or diesters.
When the dicarboxylic acid is unsymmetrical
, two possible monoesters
can result, as in IV. Throughout the thesis, mixtures of esters of
this type are referred to and the following system was adopted. The
prefix mono- has been dropped and all esters of dicarboxylic acids can
be assumed to be monoesters, unless otherwise specified. Further, as
in the case of IV, the ending "ateCs)" has been used to designate mix-
tures of two possible monoesters. Thus, methyl bromosuccinate(s), IV,
refers to the two possible raonomethyl esters of bromosuccinic acid.
This designation was used in place of the two correct lUPAC names for
the two components of the mixture, methyl hydrogen 2-bromosuccinate
and methyl hydrogen 3-broraosuccinate
.
The common names which were used in the text for the various
compounds have been indicated in the table by an asterisk (*). The
systematic names are presented with the common names in the experimen-
tal section.
CHAPTER II
MONOMER SYNTHESIS
Introduction
A large number of 6-lactones have been synthesized over the
years by a variety of techniques. A recent review has tabulated over
150 different g-lactones, along with their method of preparation.
polymerization data, and references/^ The majority of these were
prepared by two basic routes: (A) the reaction of carbonyl compounds
with ketenes or (B) ring closure of 6-substituted propionic acids, as
shown in Figure 5. However, because of their high reactivity, only
those with favorable physical properties can be readily isolated in
47pure form. High melting lactones have been pruified by recrystalli-
zation and low boiling lactones by distillation. The problems asso-
ciated with the isolation and purification of lactones is discussed in
greater detail in the sections which follow.
The two basic routes to 3-lactones are considered further
below, with emphasis on their applicability in the preparation of
mono-6-substituted-3-lactones
. The ketene route is discussed first
and not in great detail, as the preparation of malolactonate esters
has been accomplished to date only by ring closure reactions. A
description of the original work and the results of this present
investigation are also presented.
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Synthesis of 3-Lactones
Reaction of ketenes with carbonyl comnonnH.
The formation of 3-lactones by this route was first described
by Staudinger who. in 1911, isolated 3-lactones fro. diphenylketene
and various quinones Z^. 49 3-Lactones with less bulky substituents
were not syntehsized by this route before Kung employed Friedel-Craf ts
catalysts. T^us
,
3-butyrolactone (in Figure 5. Ri=R2=R3=H and K,-Cn,)
was obtained in 70% yield from the reaction of acetaldehyde with
ketene, in ether at 10-15°C in the presence of boron triflouride
etherate.^^ Many other compounds were claimed to be of catalytic
activity, and considerable research effort was spent in the 1940s to
elaborate this route. Hagemeyer has discussed the use of catalysts
for this reaction and, in general, found that the most active cata-
lysts were not required when lower aliphatic aldehydes were used but
were required for the less reactive ketones. With higher aldehydes,
ketones and keto esters the lactones became difficult to isolate.
The need for catalysts in these reactions arises for several
reasons. First of all, at the high temperatures required for the
reaction in the absence of catalysts, the lactone often decomposes,
53particularly when ketones are used. Furthermore, the dimerization
of ketene has been shown to be so rapid that lactone formation with
adlehydes and ketones can be competitive only at low temperature.
Therefore, these reactions are normally carried out at temperatures at
or below zero, with the ketene being added slowly to a solution
22
(ether, dioxane, or other Inert solvent) containing the carbonyl eo„-
pound and catalyst.
Most of the lactones which have been prepared (and isolated i.
pure for™) by this
.ethod have only one substituent in the 3-position.
That is, the reactions of ketene with simple aldehydes, such as
formaldehyde, acetaldehyde
, and n-butyraldehyde were used. 54
Lactones with aryl^^ and hal nni ir^ri „ u ^•x a n ioaikyl substituents have also been
prepared. More recently, the formation of optically active
3-trichloromethyl-6-propiolactone was accomplished
. This reaction,
between ketene and chloral, was carried out at
-50°C in toluene in the
presence of one of two diastereomeric cinchona alkaloids (quinine or
quinidine) with chemical and optical yields of 95%.
Preparation of the malolactonate esters has not been attempted
by this method, but in light of the possibilities of the one step
asymmetric synthesis just described, should be investigated. The pre-
paration would require the reaction of ketene with a glyoxylate ester,
but problems involving the presence of a second carbonyl group may be
encountered. However, the synthesis of 3-substituted-6-lactones
bearing side chain ester groups has recently been accomplished by the
boron trifluoride etherate catalyzed addition of ketene to aldehydes,
which contain ester groups as well as the aldehyde functions
.
The reactions were carried out in ether at 0-10°C and 30-40% yields
were obtained. The lactone substituents were -CH2CH2O2C-R, where
R=CH3^
-CH(CH3)2, and -CHC1(CH3).
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Ring closure of B-8ubstlt„ted proplonlr .mh.
The ring closure of a B-subsUtuted acid to tor. B-lactones
dates bac. to ,R83 when Elnhorn prepared the first 8-proplolacto„es
fro. the corresponding B-bro«aclds/' The formation of lactones fro.
B-halogeno-substltuted acids regains the «st co«„„ approach, but
.several modifications have also been used. DlazotUatlon of B-a.lno
, . 62,63
acids and dehydration of 6-hydroxy acids with thionyl chloride in
6Apyridine have led to many a,a-di8ubstituted-
-propiolactones
.
Steric factors have been found to play Important roles with these last
two methods, and formation of 3-lactones bearing only one
8-substltuent from these methods seems unlikely, as discussed by
6 5Wojcik. 6-Substituted-3-lactones have been prepared by ring closure
of 3-hydroxy thiol esters catalyzed by a mercuric salt,^^ and in fact,
optically active benzyl malolactonate was prepared in this manner^ as
discussed in the next section.
Other methods have been used as well, and recent reviews
detailing them are available But the most attractive method
of preparing 3-lactones with only one 3-substituent is by ring closure
of 3-substituted-3-haloacids. As mentioned, Einhorn was the first to
prepare lactones by this method, and in fact, all were mono-
substituted in the beta position with various substituted nitrophenyl
, , 61,68,69 „derivatives. Previous to that, Erlenmeyer was unsuccessful in
preparing 3-phenyl- 3-propiolactone and a later report suggested for-
mation had occurred, but Isoation of the lactone prior to decom-
position was not possible. Since these early investigations It has
24
become apparent that, although one lactone
.ay be no ™ore or less
stable than another, Its Isolation
.ay be difficult because of the
number of side reactions which ™ay occur with these highly reactive
6~lactones
•
The formation of 3-lactones from 6-haloacids has generally
been accomplished by treatment with base in aqueous solution. Sodium
hydroxide, sodium carbonate and sodium bicarbonate have been the most
common. T^e lactone forms by an internal nucleophilic substitution
reaction with loss of halide ion as shown in Figure 6, Reaction 1.
This reaction is reversible, so if the lactone does not precipitate
from the aqueous solution, silver salts are often employed such that
the silver halide would precipitate upon lactone formation and thus
prevent the reverse reaction. Silver oxide and nitrate have been the
most common.
In competition with lactone formation is conversion of the
haloacid to an olefin and carbon dioxide (Reaction 2A, Figure 6). The
same products can also be obtained by thermal decomposition of the
|lactone (Reaction 2B), and neither of these reactions are reversible.
Extraction of the lactone with an organic solvent as it forms has been
used to avoid complete conversion of the haloacid to the olefin deri-
vative and CO2 (because Reaction 1 is reversible and 2A is not), and
use of reaction temperatures at or near room temperature (and never
o 73
above 50°C as suggested by Zaugg ) can prevent or minimize thermal
decomposition. Chlorinated hydrocarbons and, to a lesser extent
ethers, have been used as solvents.
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Hydrolysis of a lactone can also take place (Reactions 3A, B.
and C) with formation of a 3-hydroxyacid
. The reaction is irreversible
because dehydration of a 3-hydroxyacid does not produce a 3-lactone
except in special cases when dehydrating agents and/or catalysts are
employed. T^e mechanism of hydrolysis was shown to be pH
dependent and three distinct paths may be followed.
Ingold^^ has classified the acid- and base-catalyzed hydroly-
ses of esters into eight possible mechanisms depending on the
following conditions: 1) acid- or base-catalyzed, 2) unimolecular or
biomolecular and 3) acyl-oxygen or alkyl-oxygen cleavage. Thus, the
mechanism of Reaction 3A, AacL implies that the reaction is acid
catalyzed, involves acyl-oxygen cleavage and is unimolecular or S^l in
nature. Reaction 3A takes place in acidic medium, 3B in basic medium,
and 3C in neutral or weakly basic medium. Although the reactions are
rapid in concentrated or dilute alklaine solution, neutral or slightly
basic conditions are generally employed in lactonization procedures.
Another side reaction which may occur is shown in Reaction 4A.
As long as there is at least one hydrogen located alpha to the
carbonyl, the formation of an a ,3-unsaturated acid is possible
.
Similarly, depending upon the substituents present, dehydrohalogena-
tion of the starting 3-halo acid could produce the same product by
72 77
Reaction 4B. ' The same product could also be arrived at by
77 79dehydration of a 3-hydroxyacid, Reaction 4C. '
The mechanism of lactone formation from 3-haloacids is a simple
80internal Sm2 reaction. The fact that the reaction is S„2 in nature
" N
(as opposed to S,l, „as sho™ Kohle. and Ja„se„«>. who prepared
.he
els- and trans-bromocyclohexanecarboxyllc acids shown In Figure 7.
Only the tra^s-bro^oacld
,
I, would tor™ the B-lactone. Indicating that
backside attack and an S,2 reaction was operative. Owing to the S,2
nature, inversion of configuration at the 6-carbon accompanies lactone
formation. *ether the reaction Is stereospeclfIc or race.Uatlon
occurs is unclear. Holmberg reported that the treatment of lodusuc-
cinlc acid with moist sliver oxide produced malolactonic acid
stereospecifically. but earlier he had reported that the bromoacids
racemized under similar conditions
. More recently. Agostini and
84
coworkers used optically active 3-bromobutyric acid to prepare
6-butyrolactone and found that 18% racemization had occurred, which
supports Holmberg 's original contention. Agostini suggested that
attack of bromide ion which is liberated from an already formed
lactone, on L-(+)-broraosuccinic acid produced D-(-)-bromosuccinic acid
by an 5^2 type reaction.
The 3-broraoacids are most commonly used for these reactions.
Simpson reported the reactivity of 3-chloropropionic acid to be appre-
O C
ciably less than the brorao- and iodoacids and the iodoacids
generally gave lower yields of lactone presumably because of com-
petition from the olefin forming reaction (2A in Figure 6).^^
The preparation of lactones bearing a carboxyl substituent in
the beta position dates back to the work of Holmberg, * who pre-
pared malolactonic acid from iodusuccinic acid by the action of silver
74
oxide. This procedure was used by Ingold and coworkers to prepare
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the sa.e lactone for hydrolysis studies, but whether Isolation and
purification of the lactone was possible regains unclear. Gutovsky
used the method of Hol.berg to prepare ^alolactonlc acid and In his
report It was evident that the synthesis gave a very low yield (If
any) of a product of questionable purity and structure. The need
for soluble silver salts In these reactions was confirmed by
8 7Kandiah, who investigated the lactonization of a series of
a,a-disubstituted-6-bromosuccinlc acids. When aqueous solutions of
the acids were treated with sodium carbonate, "under no conditions and
in no case could the 3-lactone be obtained: the product was invariably
the hydroxyacid." The lactones were, however, obtained in excellent
yield by the action of moist silver oxide on an ethereal solution of
the bromoacids as well-defined crystalline solids. Thus, the for-
mation of this class of lactone has only been demonstrated when silver
salts have been employed, although it is likely that lactone formation
and rapid hydrolysis led to the hydroxyacids mentioned above.
Preparation of Malolactonate Esters
Project history
In the previous investigations carried out in this laboratory,
attempts at preparing malolactonic acid directly from malic acid were
unsuccessful. Further, it was felt that the carboxyl group of this
lactone would preclude pol)nnerization to high molecular weight by
reactions with initiators or by undergoing chain transfer or ter-
89
mination reactions. So the synthetic route of Holmberg involving
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ring Closure of halosucclnlc acids was lovesUga.ed.
.ou.e chosen
for .he very first preparation of polKB-eallc acid) was through the
monobenzyl esters of bro.osuccl.lc acid, and Vert' showed this to be a
satisfactory method.
T^e synthetic route to benzyl malolactonate (MLABE) used by
Vert is shown in Figure 8. Bro.osuccinic anhydride was obtained fro.
bromosuccinic acid by reaction with acetyl chloride. The purified
anhydride was then reacted with benzyl alcohol in a 1 : 1 molar ratio,
giving a mixture of two benzyl bromosuccinate (s ) , of which only ester
I is capable of 6-lactone formation. The benzyl bromosuccinate (s
)
were used without separation and MLABE was obtained in small quan-
tities by neutralizing the esters with aqueous sodium bicarbonate and
rapidly stirring that solution with ether while adding silver nitrate
(again in a 1
:
1 molar ratio with the esters) dropwise over a four hour
period. Assuming that a 50:50 mixture of the benzyl bromosuccinate (s
)
was used, (an incorrect assumption as discussed later), a yield of 30%
based on the amount of ester I present was obtained. The overall
yield, based on bromosuccinic acid, was 11.5%.
More recently, Wojcik was successful in the preparation of
optically active MLABE. ^ The six step synthetic procedure used,
starting with malic acid, is shown in Figure 9. Reactions 1 through
5, described in great detail in reference 5, produced the precursor to
the lactone (3-hydroxylsuccinyl benzyl ester) thiooctadecylate
. The
conversion to the lactone was then accomplished using a mercuric salt,
mercury (II) methanesulfonate
,
by a modified procedure of Masamune.
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FIGURE 8
Synthesis of Racemic Benzyl Malolactonate
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FIGURE 9
synthesis of Optically Active Benzyl Malolactonate
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Several other catalysts were also tried, as well as ™a„y eatalyst-
solvent-te^perature variations. Both the race^lc and optically active
lactones were obtained m s.all quantity, but reprodocIblUty was
found to be a problem, and was attributed to a lack of understanding
of the exact catalytic species.
Just as difficulty was encountered in repeating the above very
involved synthetic procedure, problems were encountered in reproducing
the synthesis of racemic benzyl malolactonate
.
-^is difficulty is not
a reflection of the quality of either of these original studies
because isolation and purification of the lactone, as already
mentioned, is a difficult step, and slight variations in technique can
lead to vastly different results. In any event, a detailed investiga-
tion of the synthesis of racemic MLABE starting with bromosuccinic
acid was undertaken in the present study and the results are presented
in the remainder of this chapter.
Synthesis of benzyl bromosuccinate (s
)
The preparation of the benzyl bromosuccinate (s ) was
accomplished by converting bromosuccinic acid to its cyclic anhydride,
followed by alcoholysis as shown in Figure 8. Bromosuccinic anhydride
was obtained by mixing bromosuccinic acid with excess acetyl chloride
and heating to reflux. A homogeneous solution was obtained after
approximately four hours of reaction time, and bromosuccinic
anhydride was isolated by first removing the excess acetyl chloride
and by-product acetic acid and acetic anhydride by simple
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distillation, followed by vacuum distillation of the regaining
residue. Analysis of the product by nmr revealed the presence of
two extra peaks, at 164.8 and 136.8 pp., which are consistent with the
spectru. of .aleic anhydride. Maleic anhydride was ™ost likely for.ed
by dehydrohalogenation of bro.osuccinic anhydride during distillation.
Heating a- or 6
-halocarbonyl compounds has been used to produce
a,3-unsaturated carbonyl compounds by dehydrohalogenation.^^ Vacuum
distillation of the residue was performed under 100°C, whereas tem-
peratures in excess of 100°C were required to remove the by-products
by simple distillation. Removal of the by-products by distillation
under aspirator vacuum (10-20inm Hg) at temperatures under 100°C pre-
vented the formation of maleic anhydride, and yields of brornosuccinic
anhydride were increased from 80 to 95 percent.
The alcoholysis of brornosuccinic anhydride with benzyl alcohol
preceded readily in bulk. Slow addition of the alcohol to the
anhydride to a final 1:1 molar ratio produces only the monobenzyl
bromosuccinate(s). The reaction exotherm increased the temperature of
the solution to approximately 60°C, and maintaining the reaction at
that temperature allowed complete conversion to be obtained in less
than 24 hours. The reaction was much slower at lower temperatures,
and stirring was difficult because of the high viscosity of the benzyl
broraosuccinate(s). The reaction was readily followed by IR
spectroscopy by monitoring the disappearance of the anhydride doublet
at 1800 and 1870 cm ^ (IR spectrum No. 1) with subsequent formation of
a peak at 1750 cm ^ for the carboxylic acid and ester carbonyl stretch
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(IR spectrum No. 3).
Analysis of the benzylbromosuccinate (s ) revealed that a 50:50
fixture of the two esters was not obtained. The ^\ NMR spectrum (No.
1) gave four signals in the region of 168 to 176 pp. for the four
possible carbonyl carbons, with the signals at 168.7 and 175.8 ppm
nearly equivalent and the signals at 169.4 and 174.6 nearly
equivalent, but the later two were about one third of the strength of
the previous two. Strictly speaking, integration of NMR signals
cannot be used as a quantitative measure, but quantitative experiments
known as "gated decoupling" can be done^^
^^^^ ^^^^^^
(spectrum No. 2), with little to no change evident for the four car-
bonyl signals. Assignments of the signals were made by comparison
with the chemical shifts for four hexanoic acid derivatives; hexanoic
acid, 2-bromohexanoic acid, methyl hexanoate, and ethyl
2-bromohexanoate.^^ The carbonyl signal for the unsubstituted acid
was furthest downfield at 180.5 ppm. Substitution of a halogen atom
at a position alpha to the carbonyl group shifted the signal upfield
to 176.3 ppm. The carbonyl signal of the ester occurred further
upfield at 173.8, and the 3-halo ester carbonyl was shifted furthest
upfield to 169.6 ppm. Assignments made on the basis of these model
compounds are shown in the Appendix of Spectra, with the carbonyl
signals furthest upfield and downfield arising from ester I (the lac-
tone precursor). Integration of these signals indicated that ester I
was 70 percent of the mixture. This conclusion was confirmed by two
other methods, by analytical HPLC and by NMR. The proportion of
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ester I was found to be 78 percent b, HPLC and 76 percent by integra-
tion of the benzylic
-CH^- groups centered at 5 pp„ ('„ ^ ^pectru™
No. 1), but in both cases only partial resolution was obtained. The
results are presented in Table 1.
The formation of ester 1. with the bromine atom at a position
beta to the acid function, in a greater percentage than ester II was
most likely a result of the enhanced reactivity of the carbonyl group
alpha to the bromine to nucleophilic attack by benzyl alcohol because
of the electron-withdrawing inductive effect of the bromine atom. T^e
alcoholysis of an anhydride is similar to hydrolysis, and both reac-
tions most likely occur by a tetrahedral mechanism, and for substrate
^
which react by this mechanism, electron-withdrawing groups increase
94
the rate. An enhancement of the rate of the reaction at the car-
bonyl function by the presence of a bromine atom alpha to it, over
that of the reaction at the other carbonyl function, would explain the
formation of ester I in the higher percentage.
Synthesis of the benzyl bromosuccinate(s) by other methods may
produce an even higher percentage of ester 1. Direct esterificatlon
of bromosuccinic acid would be one possibility, but maintaining exact
stoichiometry and driving the equilibrium to the right would be more
difficult than for the corresponding anhydride alcoholysis. Use of
dehydrating agents, such as dlcyclohexylcarbodiimide
, would probably
lead to a less selective reaction, and heating to remove water to
drive the reaction could result in dehydrohalogenation. Conversion of
the acid to bromosuccinyl chloride followed by reaction with benzyl
37
TABLE 1
Relative Amounts of tht^ t,,^ dr e Two Benzyl Bromosuccinate (s)
9 Br
O/CH2OC-CHCH2-CO2H
ESTER X
9 Br
CH2OC-CH2CH-CO2H
ESTER H
PREPARED FROM 13 1C NMR
% I: II, ANALYSIS BY
70:30
90: 10
95: 5
NMR
^
76:24
HPLC
78:22
BROMOSUCCINIC ANHYDRIDE
BENZYL MALEATE/HBr/ACETIC ACID
BENZYL MALEATE/HBr /ETHER
1 Varian CFT-20 ^"^C WIR
2 Varian T60 ^H NMR
3 Parkin Elmer Analytical HPLC components. Waters Assoc. Porasil
column, 50:50 THF:Hexane at 1.0 ml /rain.
, UV det. (3 254 nm
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alcohol would
.ost likely be less selective as well, because acyl
halides are .uch
.ore reactive than anhydrides
. Neither of these
reactions was investigated for the reasons given.
The addition of hydrogen bro.ide to benzyl ^aleate, as shown
in Figure 10, lead to a higher percentage of ester 1 as indicated in
Table 1. The reaction of benzyl alcohol and maleic anhydride in a 1 :
1
molar ratio gave benzyl
.aleate (IR spectru. No. 2) which was reacted
with hydrogen bromide. T^e addition was carried out using a solution
of HBr in acetic acid, with acetic acid as the solvent for the
reaction, and also by using dry HBr gas and ether as solvent, with
only slightly different percentages of ester I resulting, 90 and 95
percent respectively. It is well known that acids add in an anti
fashion to a,8-unsaturated carbonyl compounds by a 1,4-addition
96
reaction, in which protonation of the carbonyl is rate determining,
and is followed by the addition of bromide ion with subsequent ketoni-
zation of the resulting enol.^^ In the present case, the selectivity
observed was undoubtedly due to protonation of the carbonyl of the
acid function producing the more stable intermediate. One complica-
tion with this system, however, was the formation of benzyl bromide,
which occurred to a small extent in all cases even when the reaction
was carried out at 0°C. As much as several percent of this side pro-
duct was formed, the majority of which could be removed by vacuum.
Further purification of the benzyl bromosuccinate (s ) was limited to
washing and extractions, as discussed in the next section.
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Formation of benzyl malolactonate
In all cases, the starting material was a mixture of the two
benzyl bromosuccinates
.
Attempts were made at separating the two
esters by either fractional distillation or recrystallization. as well
as by chromatography, but without success. Several different solvent
combinations, flow rates, and columns were used to try to find con-
ditions for separation by preparative HPLC, but as mentioned, only
partial resolution was obtained by analytical HPLC under the best con-
ditions found, and preparative separation was, therefore, not
possible. Recrystallization was attempted from a variety of solvents,
but in all cases an oil containing both esters was obtained, and
distillation under vacuum without decomposition was not possible.
Because of these difficulties, encountered in separating or purifying
the benzyl bromosuccinate (s ) . the esters prepared from the anhydride
alcoholysis were used for the majority of the work described below
because a product of higher purity was obtained by this method (that
is, no HBr, solvent, or benzyl bromide impurities were present).
A two-phase system was employed for the lactonization, uti-
lizing various organic solvents and temperatures, with and without
silver nitrate catalyst. The procedure was essentially the same in
all cases. Water was added to a weighed amount of the benzyl
bromosuccinate (s) and the mixture was stirred rapidly. The oil-in-
water mixture was neutralized with sodium bicarbonate to a pH of 7 to
8.5. and the homogeneous solution obtained was added to the reaction
vessel containing the organic solvent at the predetermined
41
temperature, and rapid stirring was begun. T.e organic phase was
readily
.onitored for benzyl
.alolactonate by IR spectroscopy fro. the
presence of a strong absorbance at 1850 c™"^ for the lactone carbonyl
(IR spectru. No. 4). At the conclusion of the reaction, the organic
phase was separated, washed, dri^ed, and the solvent evaporated, and
the yield of MLABE was determined fro. the weight of the crude lactone
obtained (based on the amount of ester I present at the start). The
results obtained from this investigation, presented in Table 2, are
discussed in detail below.
By utilizing the standard procedure of Hagman,^^ an aquaeous
solution of the sodium benzyl bromosuccinate(s) was added to dichloro-
methane at room temperature and stirred for one hour. Only a 13 per-
cent yield of MLABE was obtained. The yield was increased by Vert's
procedure, in which ether was used in place of dichloromethane
, and an
equivalent of silver nitrate was added over a four hour period. A
yellowish precipitate formed immediately upon the addition of silver
nitrate and became thicker with time. A 27 percent yield of MLABE was
obtained from the ether phase, which compares well with the results
reported by Vert of a 30 percent yield based on a 50:50 mixture of the
starting esters, which corrects to a 21 percent yield when the more
accurate 70 percent ester I figure was used for the calculation.
However, the lactone as isolated in this investigation completely
decomposed overnight in the freezer. The decomposition was later
suspected to be a result of the presence of silver nitrate in the
ether phase. Thus, the slight different in technique alluded to pre-
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TABLE 2: FORMATION of MLABE
SOLVENT TEMP TIME 1 % YIELD
REMARKS
T
r
1 Hr 13
ETHER T
r
4 Hr 27 AgNO added over A Hr
It ft
6 Da:A 71 Product Isolated Daily
11 M
6 Da:J 0 2One Batch
II 11
6 Da: 2One Batch
It M
6 Da]J 66 Product Isolated Dailv
BENZENE 50 4 Hr 66 90% Purity by analytical HPLC
o-XYLENE 71 4 Hr 25
BENZENE 50 24 Hr 75 Isolated after 1, 4, & 24 Hr.
If II
4 Hr 50
n II
4 tl ' 59^
If II
4 II 53^
If tl
4 It 76
ft tt
4 tl 1 81
II II 16 It 1 60
tt II 15.5 tt 1 56 Yield after 1 HPLC purification
H tl 14 tl 1 48
tl 60 15.5 tt 1 42
II 50 4 II 1 69
11 If
4 II 1 87
1 contains an equal amount of water
2 a 44% yield of benzyl fumarate obtained
13
3 based on the % of ester I determined by C NMR
4 starting material prepared by addition of HBr to benzyl maleate, all
others from reation of bromosuccinic anhydride and benzyl alcohol
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viously was born out, that is Vert used an extra washing step to
insure complete removal of silver nitrate,^^ so as to prevent rapid
decomposition. Analysis of the precipitate obtained upon the addition
of the silver nitrate revealed not only the presence of the antici-
pated silver bromide but also of silver benzyl bromosuccinate (s ) . The
action of Silver nitrate was therefore found to be several fold; it
increased the yield by a rate enhancement of lactonization, it preci-
pitated the staring materials as well as silver bromide, and it decom-
posed the product lactone unless special precautions were taken.
Carrying out the reaction under similar conditions but without
the silver nitrate produced some interesting results. The reaction
was much slower, but a 71 percent yield was obtained after six days by
isolating the lactone present in the ether phase each day. Repeating
the experiment but allowing the six days to pass before isolation of
the material in the ether phase resulted in isolating no MLABE. A
considerable amount of product was present in the ether phase and was
most likely the result of a decomposition of the lactone. The product
was not readily identified at the time, but after studying the for-
mation of alkyl malolactonates (as discussed later), it was found that
the IR spectrum was consistent with benzyl furaarate, which could form
by at least three different reaction pathways as shown in Figure 6.
Both of these experiments were repeated and similar results were
obtained
.
The formation of MLABE in good yield was possible using ether
at room temperature and by dally Isolating the lactone formed over a
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period of about six days. However, the utilisation of this procedure
was not practical on a laboratory scale. Slow decomposition of the
unpurified lactone always occurred in storage, and enough MIABE to
work with was not obtained after several days. Several reactors
designed for continuous extraction were tried with both ether and
dichloro.ethane solvents to atte.pt to circumvent the fonnation-
decomposition dilemma, but no acceptable procedure was found.
It became obvious that reasonable yields in short reaction
times were required so that enough MLABE to work with could be
obtained and purified prior to decomposition. Changing to benzene as
solvent and increasing the reaction temperature produced these
results. Yields of MLABE ranging from 50 to 75 percent were obtained
in four hours when the reaction was carried out at 50°C with benzene
as the solvent. Increasing the temperature to 60°C gave a lower
yield, 42 percent, and only a 25 percent yield was obtained using
o-xylene at 70°C. More recently, yields up to 87 percent were
obtained, and it was found that similar yields were possible using
toluene in place of benzene.
The fact that increasing temperature produced lower yields in
a given amount of time indicated that decomposition was still a
factor. This conclusion was confirmed by studying the effect of time
on the yield at a given temperature, 50°C. The results were similar
to those obtained for the room temperature reactions in ether. Good
yields resulted over a 24 hour period if the lactone was isolated
several times, but reduced yields resulted if the lactone was allowed
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to remain in the reaction mixture for the entire time.
Starting with the benzyl bromosuccinate (s ) prepared by the
addition of HBr to benzyl maleate, and .sing the best conditions found
(benzene, 50°C. and four hours) resulted in slightly lower yields. 53
and 59 percent in two runs. Several explanations may account for the
observed behavior, but it is not clear whether decomposition was
increased due to the presence of a reactive impurity, or the starting
weight was incorrect because of the presence of impurities, or the
amount of ester I estimated from ^ inaccurate, or a com-
bination of these reasons was responsible for the lower yields.
The pH of the aqueous phase was varied between 7.0 and 8.5,
but no significant changes were observed. The concentration of the
aqueous phase was always dilute to promote intramolecular reaction and
lactone formation as opposed to intermolecular reaction. No signifi-
cant effect was observed by varying the concentration from 0.25 to 1.0
M. The same amount of organic solvent as water was used in all cases.
Purification of benzyl malolactonate
Benzyl malolactonate was obtained as a water-white, slightly
viscous, oily material. All attempts at direct distillation of the
crude material failed. Decomposition and polymerization in the
distillation flask resulted. It was found that a prepurification step
prior to distillation was required to prevent the extensive decom-
position and polymerization which occurred during initial attempts at
distillation.
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Preparitive liquid chromatography (Prep. HPLC) was found to be
a suitable method for removing the majority of the impurities which
undoubtedly caused the decompositions that occurred
^:;:7;;::,,,g.
Figure 11 Shows the chromatograms obtained from two successive passes
through a Prep. HPLC. T.e crude lactone was used in the first run and
the center fraction from the first run was used in the second run.
The front-running impurities, which appear as a single peak in the
first run at an elution volume of 0.6 liters, were carboxylic acids
derived from the starting materials and probably from decomposition
(hydrolysis) of the MLABE as well. These compounds would be very
effective initiators for polymerization, especially at the high tem-
peratures required for the distillations. The second impurity which
elutes at approximately 1.5 liters in the first pass was identified as
benzyl alcohol. Unreacted benzyl alcohol was probably present in
small amounts in the benzyl bromosuccinate (s ) , but it could also have
formed during the lactonization process, again by hydrolysis.
Distillations attempted after only one pass through the Prep. HPLC
were still extremely difficult, so a second pass was made. A small
amount of the acidic impurity was still evident in the second run but
was readily removed.
After two passes through a Prep. HPLC, purification by
distillation became possible. Only an extremely short path distilla-
tion column of 2 to 3 cm in length, could be used, however. On such a
column, benzyl raalolactonate distilled at 105°C and 1 x lO""^ mm Hg. A
low boiling forerun was always present and was identified as benzyl
FIGURE 11
Purification of mlaBE by Preparative HPLC^
ARI
2^^ RUN
(2x)
INJ 0.6 1.2
"T"
1.8 2,4 3.0 LIT.
ELUTION VOLUME
Waters Prep 500A HPLC
,
Silica column, dichloromethane solvent,
150 ml/min., 2 min
.
/cm
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alcohol. The sa.e low boiling l.p„lty »s found
.o he present In
subsequent distillations as well, indicating that decomposition
accompany the distillation process.
Analysis of the MLABE obtained after two distillations by ana-
lytical HPLC revealed the presence of at least two impurities which
were estimated to be less than 0.5 percent of the total weight.
Further, correlation of purification or monomer purity with molecular
weight data from polymerizations suggested that purity (or rather the
presence of reactive impurities) was a major contributing factor. To
attempt to prevent the formation (or co-distillation) of these
impurities, distillation at a lower temperature on a high vacuum line
was tried. The MLABE was found to distill at 85°C at 5 x lO'^ mm Hg
on a similar column. Under these conditions it was possible to
distill the crude lactone directly, without the need for prepurifica-
tion by Prep. HPLC. After one distillation the low boiling impurity
was not detected and after two distillations no impurities were
detected by analytical HPLC.
For both types of distillations discussed above, as well as
for Prep. HPLC, only small quantities of MLABE could be used, approxi-
mately 15 grams maximum, and yields had to be sacrificed to provide
monomer of sufficient purity for polymerization to high molecular
weight polymers. Typically, 60-85 percent of the crude MLABE was
recovered after two passes through the Prep. HPLC. Only 50-75 percent
-3
recovery was obtained from each distillation at 1 x 10 mm Hg. Some
improvement was obtained by vacuum distillation at 5 x 10 ^ mm Hg,
"he.e 70-90 pe.cen.
.ecove., ,ro. each
.UUXUUon was possiMe. even
from the crude MLABE.
As mentioned i„ the Introduction to this chapter, the Isola-
tion and purification of B-lacto„es have alway been a ^ajor obstacle.
Conditions for the Isolation of MLABE In good yield were found.
Purification, unfortunately, regains a difficult task, and the effect
of .ono^er purity In polymerization, as discussed In the next chapter,
was found to be extremely Important. Sone Improvement In yield was
obtained by employing a high vacuum distillation, but still only small
quantities could be handled. This topic Is discussed further In the
last chapter.
Synthesis of alkyl bromosucclnate(s
)
The synthesis of the methyl, ethyl, and i-propyl
bromosuccinate(s) was accomplished by methods analogous to those
described for the preparation of the benzyl broraosuccinate (s )
.
Similar results were obtained for the alcoholysis of broraosuccinic
anhydride using methanol and i-propanol. The reaction proceeded
readily in the absence of solvent as before. No diester formation was
detected when methanol was used, but a small amount, approximately 2
mole percent, was formed when i-propanol was used. The amounts of the
two bromosuccinate esters which formed appeared to be identical to
that found for the benzyl bromosuccinate(s). The C NMR spectrum
(No. A) for the methyl bromosuccinate(s)
,
analyzed by integration of
the carbonyl signals, indicated that a 70:30 mixture had formed.
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Sl.lla. res.Us „e.e oHalned „hen i-p.opa„ol „as .ed. ... eth,!
esters were not prepared by this route.
Strikingly different results were obtained by the addition of
HBr gas to an ethereal solution of eethyl and ethyl „aleate. The
reaction produced not only the desired bro^osucclnate ™ono esters, but
also considerable amounts o, various dlesters. These results are
collected m Table 3. The dlester compounds were readily Isolated
owing to their water Insolubility, and Identification was ™ade by the
normal spectroscopic techniques In conjunction with analytical HPLC.
t-arge amounts of dimethyl fumarate, approximately 58 mole percent, ('h
NMR spectrum No. 4) were obtained by the action of HBr on methyl
maleate, whereas 19 mole percent of diethyl bromosucclnate plus 5 mole
percent of diethyl fumarate were formed In the reaction with ethyl
maleate. Neither methyl bromide nor ethyl bromide was detected, but
both could have been lost If present during evaporation of the ether
as both have low boiling points (4°C and 38°C respectively). The for-
mation of the dlesters had to occur during this reaction as neither
was present In the starting maleate mono esters. Acid catalyzed
transesteriflcatlon probably was responsible, but the exact reason why
the bromo derivative was formed. In the case of the ethyl ester but
not the methyl. Is not clear. The percentage of the alkyl
bromosucclnate(s) formed again appeared to be similar to that found
for the benzyl esters, as determined by C NMR.
Once again the alcoholysis of bromosuccinic anhydride was
determined to be the method of choice for the preparation of the pre-
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prepared by the HBr method could be used as the diesters could be
decayed fro„ the aqueous solutions before being added to the organic
solvent tor lactonUatlon. However, the presence of even a s^all
amount of the diesters In the lactonization reaction was troublesome
because they were extrar^pr^ trn m-, t-u iy acted with the lactones and were difficult to
separate as discussed later.
Preparati on of alkyl malolactonates
The preparation of the alkyl malolactonates was accomplished
by reactions analogous to those described for the formation of benzyl
malolactonate. An aqueous solution of the alkyl bromosuccinate (s ) was
neutralized with sodium bicarbonate and added to an organic solvent at
a predetermined temperature. Rapid stirring was begun and continued
for a given period of time. The organic phase was separated, washed,
and dried as before and the lactones isolated by evaporation of the
solvent
.
The preparation of methyl malolactonate (MLAMeE) was the first
of the alkyl series attempted. Conditions which were found to yield
the best results for benzyl malolactonate were used: benzene as the
organic solvent, 50°C and four hours reaction time. However, under
these conditions less than a 7 percent yield of MLAMeE resulted.
Repeating the experiment and monitoring the benzene phase for the con-
centration of MLAMeE with time, by observing the 1850 cm ^ absorption
of the lactone carbonyl in the IR spectrum, revealed that the con-
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centratlon had gone through a .axi^u. in less than one hour and was
decaying with time. These results are depicted in Figure 12.
Very little product was obtained from the organic phase in the
reaction described above, and since the lactone had obviously formed
and decomposed, analysis of the aqueous phase was undertaken. T^e
aqueous phase was acidified with dilute HCl to a pH of 6-7 and
extracted with ether. The starting bromosuccinate (s ) were not
obtained, owing to their high water solubility. Instead, a large
amount of a crystalline white solid, melting point 138-140°C, was
obtained after drying and evaporation of the ether. Spectroscopic
analysis revealed the material to be methyl fumarate.
One possible route to the formation of methyl fumarate is
shown in Figure 13. Lactone formation, followed by abstraction of a
proton alpha to the carbonyl group by one of the carboxylate salts
present, with subsequent collapse of the lactone ring to a maleate or
fumarate structure, could account for this behavior. Of course, at
least two other routes for the formation of this compound have already
been mentioned (see Figure 6). Hydrolysis of the lactone followed by
dehydration of the hydroxyacid which formed is one, but it is
unlikely, as the equilibrium for this reaction would be expected to
favor the hydroxyacid because of the large amount of water present.
The other reaction pathway depicted in Figure 6 involves dehydrohalo-
genation of the bromosuccinate starting material. However, this reac-
tion would not account for the intermediate formation of the lactone.
Further support for the formation of methyl fumarate by the route
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shown in Figure 13 was gained fro™ polymerization data, where the
anhydrous conditions employed would prevent lactone hydrolysis and the
bromosuccinate compounds were not present, formation of fumarate
groups occurred most likely by an analogous reaction involving
abstraction of an alpha proton, as discussed in the next chapter.
The effects of reaction temperature and solvent upon the for-
mation and decomposition rates of MLAMeE were investigated to find
conditions for which formation was more rapid than decomposition and
good yields could be isolated in rasonable reaction times. These
results are presented in Table 4. Using benzene as the organic
solvent and lowering the temperature of the reaction to 40 °C resulted
in a slight increase in the yield after five hours. At 25 °C, yields
as low as those obtained at 50°C were found, but in this case only a
small amount of methyl fumarate was formed, indicating that a low con-
version had occurred. Changing to dichloromethane solvent and
carrying out the reaction at 30°C resulted in a much improved yield of
48 percent after four hours. More importantly, as shown in Figure 13,
the MLAMeE concentration in the dichloromethane continued to Increase
with time. Using these same conditions and allowing a longer reaction
time, high yields of methyl malolactonate resulted, 77 percent in 24
hours
,
Results similar to those described above for the formation of
MLAMeE were obtained for the preparation of ethyl malolactonate
(MLAEtE), Using dichloromethane at 30°C resulted in a 55 percent
yield after four hours and a 75 percent yield after 24 hours.
TABLE
4: Preparation of Alkyl Malolactonates
ESTER SOLVENT TEMP.
(^C)
TIME
(Hrs.)
1
% YIELD
METHYL 50 4 7^
ft
tl
tl
5 9^
n
tl
25 4.5 8^
If
40 5 20
ri
30 4 48
M It
If
24 77
It tl
II 11
ETHYL tt tl
4 55
It tl If
24 75
i-PROPYL (1 35 5 88
t-BUTYL tl 30 24 (60)^
1 based on percentage of Ester I in starting material
2 61% yield of dimethyl fumarate obtained from aqueous phase
3 very little dimethyl fumarate
4 an approximate yield
increasing the reaction temperature slightly to 35°C for the prepara-
tion of i-propyl malolactonate (MLAiPE) resulted in an 88 percent
yield in only five hours reaction time.
The results just described for the formation of the alkyl
malolactonates indicate the importance of the choice of organic
solvent for these reactions. When benzene was used as the solvent,
decomposition of MLAMeE was an extremely competitive reaction with
formation. The extensive decomposition was probably a result of the
extraction efficiency of the lactones with benzene. Figure 12 shows
that the concentration of MLAMeE in the benzene had gone through a
maximum in less than one hour. However, isolation of the lactone
within this time period would have resulted in only low yields. An
absorbance of 0.25 (the maximum) should correlate with a yield of
approximately 25 percent since the absorbance of 0.5 obtained for the
reaction at 30°C in dichloromethane resulted in a 50 percent yield.
T^vo possible explanations for these observations are obvious. The
lactone, when formed in the presence of benzene, was not extracted
rapidly enough to prevent decomposition by reaction with a component
of the aqueous phase, while with formation in the presence of
dichloromethane, extraction was rapid enough to prevent extensive
decomposition. On the other hand, decomposition of the MLAMeE, which
was in the benzene phase, was occurring to a large extent, while the
same phenomena did not occur with dichloromethane as solvent,
suggesting that either the lactone or the compounds causing its decora-
position were partitioned between the two phases to a large extent
only with benzene as solvent.
Synthesis of t-butyl malolactonate
The preparation of t-butyl malolactonate (MLAtBuE) is
discussed separately because the reaction of t-butyl alcohol and
bromosuccinic anhydride produced a very complex mixture of products
unlike all the other anhydride alcoholysis reactions described
previously. The reaction was carried out as before, adding the alco-
hol to the anhydride slowly and maintaining the bulk reaction at 60°C
for 24 hours. The difference arises in that at least half of the
anhydride was converted to bromosuccinic acid. After the acid was
separated, the oil remaining was analyzed by ^^C NMR (spectrum No.
13). At least twelve signals were resolved in the carbonyl region
alone, between 164 and 176 ppra. The main signals at 175. 1, 173.6,
169.1, and 168.0 ppm probably resulted from the two t-butyl
broraosuccinate(s) esters, analogous to those of the other esters
obtained for the other bromosuccinic anhydride alcoholysis reactions
because both the chemical shifts and relative intensities are similar
13
to the others, C MNR spectra 1,2, and 4.
The crude reaction product described above was neutralized and
stirred with dichloromethane at 30°C for 24 hours. The clear
waterwhite oil isolated from the organic phase was identified by its
IR spectrum (No. 19) and ^ NMR spectrum (No. 11) as t-butyl
malolactonate. A 60 percent yield was calculated based on a 70:30
mixture of the starting esters. Of course, assuming that ratio was
correct, the yield calculated would be low because of the impurities
present in the starting material because no attempt was made to
account for their percentage of the q^;,r^^n. • ur n starti g weight. The results are
given in Table 4 to allow comparison with those of the other
reactions
.
Purification of the alkyl malolactonate^
The purification of the alkyl malolactonates
. the methyl,
ethyl and i-propyl esters, was accomplished as follows but no attempt
was made to purify the t-butyl malolactonate because only a small
amount was made. The lactones as isolated were readily distilled
under vacuum on a short path column of approximately 5 cm in length.
Boiling ranges of 40-42, 58-62. and 64-68°C at 0.01 mm Hg were found
for the methyl, ethyl, and i-propyl malolactonates, respectively. In
all cases, diester impurities which were present in the alkyl bro-
moscucinates co-distilled with the lactones. Repeated distillation
proved unsuccessful for their removal as shown by analytical HPLC ana-
lyses of the distillates. Extraction of the lactones with hexane was
found to be an acceptable method because the lactones were completely
insoluble while the diesters were soluble to varying degrees. The di-
i-propyl esters were readily hexane soluble while the dimethyl and
diethyl esters were only slightly soluble and several more extractions
were required for their removal. Final purification was by distilla-
tion from calcium hydride, and no impurities were detected by analyti-
cal HPLC of the final products.
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Concluding remarks
Detailed analysis of the lactonization of the bro^osuccinate
esters, especially of the decomposition products, provided the insight
which led to the isolation of the
.alolactonates in good yield as
described. Purification was difficult only with the high boiling ben-
zyl ester, but a suitable
.ethod was found. Scaleup of this purifica-
tion would be difficult, and this difficulty was perhaps the .ost
disappointing result of this work because large quantities of PMA
derived fro. this lactone will be required for biomedical testing and
evaluations. However, several important conclusions can be made. No
catalyst was required for lactonizatoin of these carboxyl containing
lactones contrary to reports in the literature. Further, the use of
catalysts may lead to decomposition reactions and, as a result, can
complicate the isolation and purification problem as was found for
this case. High yields were obtained by careful adjustment of the
reaction conditions. The nature of the ester group in this case
influenced the solvent and temperature required for lactonization. In
general, the size of the substituents, especially the beta
substituents, introduces a steric factor which effects the temperature
required for cyclization. The nature of the substituents influence
its solubility and, therefore, the solvent required for efficient
extraction of the lactone as it forms. In conclusion, a detailed and
systematic evaluation of the amount of lactone and the amount and type
of decomposition products obtained from a 3~bromoacid should enable
conditions to be found where isolation of the lactone is possible.
CHAPTER III
POLYMERIZATION
Introduction
The polymerization of lactones and related compounds has been
icno™ for »any years. 6-Valerolactone (oxane-2-one) was polymerized by
Belsswenger and Flchter In 1903, and prior to that In 1893,
Blschoff and Walden""-102 polymerized glycoUde
(l,4-dloxane-2.5-dione). Carothers ™ade the first systematic Investi-
gation of lactones and other cyclic ester, =„j u,i i ^^j'^.xj.c u s, and Hall and coworkers
niade an extensive review of this field in a series of articles
published in 1958.^°^-10^ Since that time, many other laboratories
have entered this field, and as a result, lactone literature has
greatly multiplied, and several reviews are available ^ ^
Lactones have been polymerized by a variety of catalysts and
initiators, including anionic, cationic and organometallic compounds.
Among these are: alkali and alkaline earth metal hydrides, alkoxides,
and alkyls; carboxylic acids; carboxylate salts; alcohols; glycols;
primary, secondary, and tertiary amines; alkanolamines
; alkyl aluminum
or zinc compounds; trityl salts; betaines; Friedel-Craf ts compounds;
titanates; silicates; and phosphates; to name a few. Other miscella-
neous methods of initiating polyinerization have been used, such as
Y-irradiation, photoinduced , and free radical, but these methods have
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be.n .sed „lrt only a few „o„o.ers (.alnly 6-propioUctone and
e-caprolactone) and „ay not generally apply to other lactones . "2.
The reaction conditions used „ary greatly „Uh eono.er and Initiator
system employed. Polymerization reactions have teen carried out In
the solid state, m bulk. In the melt and In solution over a wide
range of temperatures.
In a recent review Ivin has discussed the relationship between
strain and reactivity of cyclic compounds and points out that since
ionic ring-opening mechanisms exist for heterocycles
. non-
polymerizability is nearly always associated with a positive free-
energy change for polymerization.
^ Hall and Schneider investigated
the polymerizability of carbonyl containing heterocycles and found
that nearly all 4, 7, and 8 member lactones were polymerizable while
all 5 membered and some 6 membered lactones did not polymerize.
A
positive AGp^^^^ for
-butyrolactone has since been reported . ^ ^
A negative AG^^^^^ implies that polymerization is thermo-
dynamically feasible. For 3-lactones. ring instability arising from
strain, caused by the tetrahedral carbon atoms assuming bond angles
less than 109°, makes them highly reactive and good candidates for
pol3rmerization processes. However, depending on the type and number
of substituents present, steric and other factors may preclude poly-
merization by a certain class of initiators. In the next section this
topic is discussed further, with particular emphasis on
mono-3-substituted-3-lactones
. The results of this study involving
polymerization of malolactonate esters make up the remainder of the
chapter.
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Polymerization of B-Lactones
Gresham and coworkers first reported the preparation of poly-
mers of the parent member of this series, g-propiolactone
, in
1948. They reported that low molecular weight polymers were
obtained using both cationic and anionic initiators. Perhaps because
of the difficulty in obtaining high molecular weight polymers, a
further study of the polymerization of this monomer was not reported
until the early 1960's. At that time a renewed interest was shown in
this polymer aud in polymers from substituted 6-propiolactones by the
studies of Cherdron and Ohse in Germany , ^
^
^.^^^^^ ^^.^^^^
1 20 19 1 19 0Paris. and Kagiya in Japan. '''''' An extensive list of the mono-
mers and polymers prepared and characterized as reported in patents
and in the scientific literature before and after that period can be
found in Table 4 of reference 46,
3-Lactones have been polymerized by many different types of
initiators and catalysts including anionic, cationic, and coordination
systems. In general, the polymers prepared with cationic initiators
have low molecular weights while anionic initiators offer good control
and lead to the highest molecular weight polymers. Polymerization
with coordination type initiators has led to high molecular weight
stereoregular polymers, but often in very low yeild. For these
reasons anionic polymerization has been considered in more detail
below, but cationic and coordination polymerizations are discussed
only briefly.
Anionic polymerization
Hall ^23 ^^^^.^^ kinetics of the polymerization of
3-propiolactone and disubstituted propiolactones with quaternary
ammonium carboxylate and halide initiators. He proposed that the
polymerization followed a two-step rate sequence of initiation and
propagation reactions of the S^2 type as shown in Figure lA.
Nucleophilic attack at the beta carbon atom by base, with alkyl-oxygen
cleavage forms a carboxylate anion in the initiation step.
Propagation continues in a similar manner with the carboxylate anion
formed in the first step attacking the beta position of another lac-
tone monomer, and so on.
The mechanism just described has been postulated for
3-lactones only. All other lactones are believed to undergo anionic
polymerization by a different mechanism, in which base attacks the
lactone carbonyl carbon and acyl-oxygen cleavage results with for-
10/
mation of an alkoxlde ion. This behavior is analogous to that
found for the hydrolysis of lactones. 3-Lactones undergo hydrolysis
under neutral of weakly basic conditions by a B.7 mechamisra (S 2AL N '
alkyl-oxygen cleavage) while, under similar conditions, all other lac-
tones hydrolyze by a B^^2 mechanism (tetrahedral
,
acyl-oxygen
cleavage). ^^'^^'^^^ Ingold has suggested that alkyl-oxygen cleavage
in the transition state opens the ring and relieves strain, which is
high for the -lactones and is most likely responsible for this dif-
ference in mechanism. Further support for the S^,2 mechanism hasN
come from a recent study of the anionic polyTnerization of a chiral
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6-sub.tltated-B-p„plolacto.e In which
_r „ith (-) rotation pro-
duced a poller „ith (.) rotation. '^^
configuration
could result fro. the S^2
.echanls™ described above but not fro™ the
tetrahedral mechanism.
Another important class of initiators for the anionic poly-
merization of 3-propiolactones are the organic bases, such as
betaines, tertiary amines and pyridine or pyridine derivatives. One
of the earliest investigations with the use of this type of initiator
was that of Fischer. who studied the polymerization of
a,a-dialkyl-B-propiolactones using a tertiary amine as an initiator.
It is known^^^ that a tertiary amine and a 3-lactone form a betaine,
and in the investigations of Fischer, Etienne and coworkers on the
polymerization of 6-propiolactone and a .a-disubstituted-g-
1 20 1 28propiolactones,
' the polymerization process was considered to
consist of an initiation step to form the betaine followed by propaga-
tion involving attack by the carboxylate anion on the 6-carbon atom
with alkyl-oxygen bond scission to reform the anion as shown in Figure
15A. On the other hand, Yamashita and coworkers reported that
pyridine initiated 3-lactone polymerizations may propagate through
an ammonium salt ion pair. In the revised raechsnism, the betaine ini-
tially formed underwent a Hofmann degradation reaction, and the acry-
lic acid ion so formed then attacked another monomer to propagate the
chain, as shown in Figure 15B. However, Jaacks and Mathe ^
found, using end group analysis by NMR, chemical methods, and dipole
moments, that raacrozwitterions like compound I (Figure 15) were
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forced. This
.echanls™, sho™ i„ Plg„e 15A, is „o„ the accepted one
for the propagation reaction of anionic polymerisations Initiated „lth
»eak bases, although the formation of acrylic acid type end groups
.ay
occur by reactions involving proton transfer, as discussed belo».
Hall reported'" that the polymerization of the parent
..onomer. g-proplolactone
,
did not tit the scheme just described
possibly because of chain transfer, which has previously been reported
to occur In the anionic polymerization of
6-pronlolactone '21,122,132,133 ,p pi i . A mechanism for chain transfer by
abstraction of a proton from the a-posltion has been offered by Kaglya
and coworkers'^'-'"
^^^^^^^^ amlne-lnltlated polymerization,
as shown in Figure 15C. This mechanism was also suggested by Shioto
132 133and others
'
to account for the fact that 50 percent of the
polymer chains, obtained from the sodium benzoate initiated polymeri-
zation of 3-propiolactone, contained an acrylate end group. Chain
transfer by this mechanism cannot occur in a,a'-disubstituted-
6-propiolactones due to the absence of protons alpha to the carbonyl
and no transfer is reported in such polymerization reactions. Hence,
such reactions can form "living polymers" according to the criteria
established by Szwarc, as discussed by Lenz and coworkers . ^^^"^^^
It is well known that 3-lactones bearing one or two substi-
tuents in the beta position resist polyraerizat ion by anionic
5 46 141initiators, * ' 3-Butyrolactone
,
however, was reported to poly-
merize by Zaugg^"^^ and subsequently by Hall^^^ by anionic initiators,
143but in the original report by Kung it is difficult to tell if a
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polymer was actually isolated. The lactone was treated with a trace
of potassium carbonate at 150°C. and "the polymeric material so
obtained" was heated to 180-190°C, and crotonic acid was collected by
distillation. m a more recent report no polymer was obtained from
this monomer (or from other 3-substituted monomers) by the action of
more conventional anionic initiators, such as sodium methoxide,
n-butyllithium, and tetraethylammonium benzoate . ^"^^ The only really
successful anionic polymerization of a g-substituted-S-lactone
, to
date, was that of benzyl malolactonate
, in which Vert\ and later
Wojcik\ prepared polymers with molecular weights of at least 5-7,000.
Activation of the g-carbon by the electron withdrawying carbobenzoxy
group was presumed to offset the sterlc hindrance and allow
polymerization. In fact, the results of the present investigation
have clearly demonstrated that the anionic polymerization of malolac-
tonate esters gave better results than by use of other methods and can
lead to the formation of high molecular weight polymers.
Cationic polymerization
The polyesters prepared from g-lactones with cationic ini-
tiators have low molecular weights, apparently because of chain ter-
mination reactions during polymerization. Cherdron and
„, 118, 119 ^. •
,
"rise studied the cationic poljrmerization of 3-propiolactone
using a series of initiators and reported that trlf loroacetic acid,
acetyl perchlorate and trif loracetic anhydride /aluminum trichloride
(1:2) combinations were suitable initiators which yielded polymers
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With number average molecular
.eights, M^, as high as 100,000. With
Lewis acids as initiators, however, only low molecular weight polymers
were for.ed, and these only if water was present as the cocatalyst.
Monomers with g-alkyl and 3-chloroalkyl substituents were polymerized
with Lewis acid initiators, boron trifluoride etherate and tin
tetrachloride, apparently in the absence of water, by Teranishi and
others. But again, only atactic low molecular weight polymers were
obtained^^l'l^^ and in low yield. The size of the alkyl substi-
tuents was found to effect the yield of polymer as well, and increased
size resulted in decreased yield. Yamashita and coworkers also
studied the polymerization of g-propiolactone and 3-substituted pro-
piolactones using Lewis acid/water initiator systems, and found that
only low molecular weight polymers were formed after long reaction
times. 129, 145-147
The mechanism of cationic polymerization has been a topic of
some debate, and several mechanisms have been proposed. In all
cases, the electrophilic species is believed to attack the lactone
ring oxygen, forming an oxonium ion, as shown in Figure 14. This
intermediate could undergo an S^l type reaction with formation of an
acylium ion by acyl-oxygen cleavage, and propagation would follow by
attack of the acylium ion on another monomer. Alternatively, the oxo-
nium ion could undergo bimolecular ring-opening by nucleophilic attack
of the monomer ring oxygen atom on either the carbonyl position or the
beta carbon of the lactone. Attack at the carbonyl would result in
acyl-oxygen cleavage, and attack at the 3 -carbon would result in
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alkyl-oxygen cleavage. latter reaction is depicted in Figure 14.
Agostini postulated that both of these bi.olecular reactions ™ay
occur, based on the study of the polymerization of
0-(-.)-6-n,ethyl-6-propiolactone. in which it was found that the polymer
prepared fro. this .ono.er had a lower optical activity than expected,
and the decrease was attributed to a nucleophilic reaction occurring
at the beta position resulting in inversion of configuration.^^'
Whether one or all of the above mechanisms are operative may depend on
many factors, including monomer structure, initiator type, solvent
system, temperature, etc.
Polymerization with organometallic compounds
149Furakawa and coworkers reported that only low molecular
weight polymers of g-propiolactone were formed using organometallic
initiators, both with and without cocatalysts. However, Cherdron and
,
118,119
coworkers were able to polymerize highly purified
3-propiolactone with sodium in toluene and with aluminum alkyls, and
they reported the preparation of high molecular weight polymers, but
in low yields. In contrast, by using water as a cocatalyst with alu-
minum alkyls, they were able to polymerize 3-propiolactone to high
yields and high molecular weights. Cherdron suggested that these
polymerization reactions propagated by an anionic mechanism, whereby
the anion attacked the carbonyl position forming an intermediate by
breaking the acyl-oxygen bond, but the aluminum alkyl-water catalysts
may be cationic rather than anionic in mechanism. A large number of
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investigations have been carrlpHw ll Q-drriea out usme tr-f Vwi r»i^-^11^
^^J-^-L*<^yialuminura-water
catalyst s.ste.s since these ea.l, studies, and U Is now
.eUeved
that these systems do Initiate catlonlc polymerization reactions.
Two possible mechanisms have been suggested for these reactions,
either the S^l or S^2 paths, as discussed previously. By either
.echanlsm. S^l or S^2. either retention or Inversion can occur
depending upon whether the nucleophlllc attack Is at the carbonyl or
the 6-alkyl position, respectively. The most likely mechanism appears
to be the S^2 reaction with carbonyl-oxygen scission and retention of
configuration at the 3-position.
Polymerization with this type of catalyst often leads to
stereoregular crystalline polymers (normally
isotactic^ ^6,8A, 141,144, 148 „). factors have been found to
influence the stereoregularity of the polymers formed, such as amount
of water added, addition of promoters like epichlorohydrin
, and aging
of the initiator solutions. These factors have been recently
discussed in detail for the polymerization of 3-alkyl and
a-chloroalkyl-e-propiolactones.l'^l'l^^ In these same investigations
the effect of the substituents were studied, and it was found, by
using electronic and steric parameters defined by Taft^^°, that the
steric factor dominated the alkyl series (methyl, ethyl, and i-propyl)
with reduced polymerization rates and yields resulting as the size of
the substituent was increased. On the other hand, with chloroalkyl
substituents, the electronic factor dominated, and increased rates and
yields resulted in going from chloromethyl- to dichloromethyl- to the
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trichlormethyl substituent.
More recently, it has been sho^ that the introduction of a
substituent containing an ester group can further complicate this
already complex syste..^^'^^ u .as found that certain zinc catalyst
systems coordinate predominately with the substituent ester group,
while aluminum catalyst systems preferred the lactone ester group.
This same possibility exists for the malolactonate esters and may, in
fact, be responsible for the poor yields and molecular weights
obtained with both cationic and organometal lie initiators in this
study and previous studies as well.^'^
Polymerization of Malolactonate Esters
Summary of previous work.
As mentioned, Vert was the first to prepare PMA by polymeriza-
tion of benzyl malolactonate and subsequent hydrogenolysis of the
polyCbenzyl malolactonate), PMLABE. ^ Polymerizations were carried out
with anionic, cationic, and organoraetallic initiators. Later, Wojcik
prepared the optically active monomer as well as the racemic and also
polymerized them with the various initiators.^ A complete list of the
polymerization results from both of these investigations can be found
in Tables 8, 9, and 10 of reference 5. A summary of their work is
presented below.
The best results in both investigations were obtained with
anionic initiators. Using betaine or triethylamine (which forms a
i
betaine in the initiation step), Vert obtained molecular weights of
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7.000 Reported as M^^^. defined as the molecular weight at peak „axl-
.un, in GPC, relative to polystyrene). Similarly. Wojci. employed
tetraethylammonium henzoate and obtained a polymer with M^^^ of 7,000.
In both cases, the polymerizations were carried out in bulk. Bulk
polymerizations with other catalysts, sodium and potassium acetate and
hydroxide, as well as solution polymerizations in dichloromethane and
toluene, gave consistently lower molecular weights, M ofGPC
2.000-3,000. Wojcik reported that higher temperatures gave higher
molecular weights, but this effect could have resulted from lower con-
versions at the lower temperatures. Conversions of 90 percent were
obtained at 70°C in three days while only 50 percent conversions were
obtained after 30 days at 30°C. Yields of polymer varied from 10-75
percent and molecular weight distributions, M /M
,
ranged from
1. 5-2.0.
Catlonic polymerizations resulted in polymers of low molecular
weight only (M^^^ of 1,000-3,000). Ferric chloride gave the best
results (Mgp^ of 2,000-3,000), while aluminum chloride yielded poly-
mers of very low molecular weights (M^p^ of 1,000) and the trityl
salts, hexaf luoroantimonate and tetraf luoroborate
, formed only oligo-
mers (M^p^<700). Again, polymerizations were carried out in bulk and
in solution (dichloromethane and toluene) at 30, 50, and 70°C. In
general, low conversion and long reaction times resulted in low
yields, although high conversions were obtained in some of the trityl
salt pol3mierizations but these produced only oligomers. Broad molecu-
lar weight distributions, M /M >2, were obtained in all cases.
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Two organometallic initiators were investigated, triethylalu-
minu. and diethylzinc. Diethylzinc was found to be a poor catalyst
system with only oligomers resulting. Using triethy laluminum. Vert
obtained a ten percent yield, after seven days at 50°C, of polymer
from the racemic monomer which was insoluble in common organic
solvents and was later determined to be crystalline (M.P. 165-185°C).
On the other hand, Wojcik reported higher yields, 35 and 50 percent,
from the racemic and optically active monomers respectively after
several days at 70 °C. But both polymers were readily soluble and
their molecular weights were low (MGPC of 3,000). The optically
active polymer was crystalline (M.P. 135-165°C), but no melting point
was reported for the racemic polymer. Toluene solutions were used in
both cases, and Wojcik used water in conjunction with the triethy lalu-
minum while no report of the use of water was given by Vert.
Results of the present investigation
From the results of the previous investigations and from a
review of the literature of S-lactone polymerizations, it was apparent
that cationic polymerization of the malolactonate esters would pro-
bably yield only low molecular weight polymers. Polymerization with
organometallic compounds was shown to be a suitable method of pre-
paring crystalline polymers from racemic benzyl malolactonate, but low
yields would probably limit the usefulness of this method. Further,
the highly crystalline and insoluble nature of the polymers formed may
preclude any application as drug delivery systems. On the other hand,
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the results fro. anionic polymerizations appeared promising, as higher
molecular weights with narrower molecular weight distributions
resulted. As a result, an extensive Investigation of the anionic
polymerization of malolactonate esters was undertaken, while only a
limited study of catlonlc and organometaUlc polymerizations was
conducted. The majority of this work was done with benzyl malolac-
tonate so that correlation of the results with those from previous
Investigations would be possible.
Anionic polymerization of benzyl malolacf on.tP . u has been
stated many times that once isolated, the purification of lactones (if
not crystalline or low boiling) is, more often than not, extremely
difficult. This was shown to be a problem with benzyl malolactonate,
and preparative HPLC was required as a prepurificat ion to permit
distillation. Furthermore, it is well known that highly pure systems
are required to avoid side reactions during polymerizations, espe-
cially with ionic polymerizations. ^5^-^" Therefore, polymerizations
of benzyl malolactonate, obtained by the successive purifications
described previously, were carried out to ascertain the effect of
monomer purity, particularly on the molecular weight of the polymers
produced. These results are collected in Table 5 and are discussed
below.
Polymerizations were carried out in bulk with triethy lamine
.
By comparing the results which were obtained at 60°C, several effects
are immediately apparent. First of all, as the purity of MLABE was
increased, the molecular weights of the polymers obtained also
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TABLE 5
Effect of Temperature and Monomer Purity on the
Polymerization of MLABE with Triethylamine^ in Bulk
Monomer Purification
// HPLC^
1 // Dist.-^ TEMPC
1 0 60
2 0 60
3 0 60
2 1 60
2 1 40
2 1L 25
2 2 60
2 2 AO
0 0
*
60
1 0
°
60
2 °' 60
0 60
0 2« 85
TIME(days
27
27
27
19
30
40
12
30
9
27
27
7
1
POLYMER
YIELD, %
80
99
84
95
93
0
nr'
(10)
83
62
M
GPC
3,900
6,600
11,000
22,000
36 ,000
45,000
33,000
50,000
OLIGOMER
34,000
25,000
1 (I)/(M) = 10"^
2 Waters Prep 500A, silica column, dichloromethane solvent, 250 ral/min
3 with a short path still (3 cm) at 105°C and 10 mm Hg
4 fraction insoluble in 90:10 methanol : acetone
5 Waters Model 201 GPC, 4 column set (10^, 10^, 10^, and 500 A") with
dioxane solvent, 1.5 ml/min., relative to polystyrene standards
6 no initiator added
7 no reaction, 100% monomer recovered
^
8 purified by 2 distillations at 85°C and 10~ mm Hg and polymerized
with tetraethylaramonium benzoate in bulk
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increased, fro. 4,000 for ™ono.er purified by one HPLC pass to 11,000
after three passes, to 22,000 and 33,000 after one or two
distillations, respectively. T^e main impurities removed by prepara-
tive HPLC were found to be carboxylic acids as discussed previously.
It is possible that these compounds could function as initiators for
polymerization and from the expression:
M - M
" [I]
an increase in molecular weight would be expected by their removal.
On the other hand, carboxylic acids have been shown to act as chain
transfer agents in anionic polymerization.^^ presumably by abstraction
of an acidic proton by the growing carboxylate anion forming a car-
boxylic acid terminated polymer and a new carboxylate anion, which
could reinitiate polymerization. Extensive chain transfer could also
account for the observed behavior. Secondly, long polymerization
times were required to reach high conversion for the reactions carried
out with monomer purified only by HPLC, 27 days, while shorter reac-
tion times of 19 and 12 days were required for monomer purified by one
or two distillations, respectively.
These results imply that more than one impurity may have been
present. If more compounds capable of initiation were present for the
monomer purified only by HPLC, monomer conversion should have been
more rapid. If chain transfer was responsible, a large change in the
overall rate would not be expected if carboxylate anions were formed
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because reinitiation should occur at a comparable rate. thus.
Impurities capable of retarding polymerization ™ay have been present
as well.
Support for this latter possibility was gained fro. experi-
ments in which monomer was subjected to conditions similar to those
used above, but without added initiator. TT.e crude monomer rapidly
decomposed and no polymer was obtained, but monomer purified by only
one HPLC pass appeared stable. However, further purification by HPLC
produced monomer which was slowly converted to polymeric or at least
oligomeric material. A molecular weight determination was not
possible as only a very small amount, approximately ten percent, was
converted in 27 days when the experiment was stopped. Nevertheless,
these results indicate that several impurities were probably inter-
fering in the polymerization process.
In fact, more than one impurity was reported to be present
although in less than 0.5 percent, for monomer purified by two HPLC
passes and two distillations. Their removal became possible by use of
high vacuum distillations, but no improvement in molecular weight
resulted, indicating that molecular weight may be limited by factors
other than impurities (theoretical for [I]/[M] = 10~^ is approxima-
tely 200,000).
Polymerization temperature was found to have a large effect on
the molecular weight of the polymers formed. These results are
included in Table 5. It was found that as the poljrmerization tem-
perature was decreased, increased molecular weights resulted. Bulk
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polymerizations with trlethyWne at 60, 40, and 25°C yielded poly-
mers with M^^^ of 22,000, 36,000, and 45,000, respectively, for
monomer purified by one distillation, but monomer purified by two
distillations yielded polymers with M^^^^ of 33,000 and 50,000 for
polymerizations at 60 and 40°C. These results are classic indications
of a Cham transfer reaction in competition with propagation, where
decreasing temperature reduces the rate of transfer more than the rate
of propagation resulting in higher molecular weight.
As was already mentioned, an impurity present in the system
may be acting as a chain transfer agent, although highly purified
monomer showed the same effect. Bulk polymerizations with tetraethyl-
ammonium benzoate of monomer purified by several high vacuum
distillations at 60 and 85°C yielded polymers with M of 25,000 andGPC '
34,000. Chain transfer to monomer, involving abstraction of a proton
alpha to the lactone carbonyl, as shown in Figure 15C, could be the
cause. Transfer in this manner has previously been reported for
121 122 13? 1'^'^propiolactone
> ' and was also suggested by Wojcik for
polymerization of MLABE.^ Evidence for the existence of this reaction
V7as obtained and is discussed in the next section.
Another effect of polymerization temperature was the time
required for complete conversion, A plot of the percent monomer
remaining versus time is shown in Figure 16, Complete conversion of
monomer at 60°C for bulk polymerization with triethy lamine occured in
seven days, but over 50 days was required for polymerization at 25°C.
Conversion increased rapidly at first, and slowed with time probably
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due to increased viscosity. Kinetic data such as this was readily
obtained by IR spectroscopy as discussed later.
Various initiators were used as well, and the results are su.
marized in Table 6. Triethyla.ine and tetraethyla..oniu. benzoate
yielded polymers with the highest molecular weights and also the
fastest rates of polymerization in bulk at 60°C, as shown in Figure
17. While obvious differences exist between an amine and a car-
boxylate salt in initiation, afterwards the same carboxylate anions
are formed with similar counterions. With triethy lamine
. a macrozwit-
terion is formed, and its quaternary amine may behave similarly to
that of the tetraethylammonlum ion. even though it is attached to a
polymer chain. Sodium and potassium benzoate gave consistently lower
molecular weights and slower polymerization rates as shown, with
sodium being the worst of the two. Both molecular weight and poly-
merization rate increased as the size of the counterion increased
(Na<K<NR^). Similar effects on rate have been observed in the poly-
merization of a,a-disubstituted-3-propiolactones on initiation with
potassium and tetraethylammonlum benzoates and were explained on the
basis of ion pair structure, with potassium counterion forming the
tighter ion pair structure and causing the slower rate.^^^ In the
absence of solvent, the size of the counterion is probably the deter-
mining factor because tight ion pairs most likely exist under these
conditions
.
Polymerization of MLABE in solution was investigated with
various initiators and solvents at several temperatures. The results
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A
are given in Table 7. In general, lower molecular weights were
obtained under similar conditions (sa.e initiator and temperature)
when solvent was used in comparison with bulk polymerization.
|
Molecular weights (M^^^)
.anged from 15,000 to 25,000 and little or no
temperature effect^s observed. Polymerizations in THE and dichloro-
methane were slightly faster than in benzene with a given initiator
system, but initial polymerization rates in bulk were slightly greater
than for all of the solution polymerizations under similar conditions.
Polymer yields of 60 to 70 percent were common for solution
j
polymerizations, while 80 to 95 percent yields were obtained from
bulk polymerizations. T^e molecular weight distributions. MWD
(H^/H^), obtained from solution polymerization were comparable but
were slightly broader than those obtained from bulk polymerization
(1.5 - 1.7 in solution. 1.4 - 1.5 in bulk). A slightly broader MWD
and a lower molecular weight could be a result of an increase in the
rate of a transfer reaction over the rate of propagation.
Anionic polymerization of alkyl malolactonates
. Bulk poly-
merization of the alkyl malolactonates with tetraethylammonium ben-
zoate resulted in low molecular weight polymers only (M
. 3.000 to \GPC \
5,000), while similar coaditions gave much higher molecular weight
pol^Kbenzyl malolactonate)
. These results are presented in Table 8.
No temperature effect was apparent for the polymerization of the alkyl
malolactonates on the molecular weight of the polymer formed.
Changing the initiator-to-monomer ratio by an order of magnitude
caused no noticeable change for either the alkyl or benzyl ester
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TABLE 8
Anionic Polymerization^of the Various Malolactonate Esters
ESTER
60
85
60
60
60
85
60
60
85
60
60
T
7
1
14
7
7
1
19
7
1
14
5
14
86%
92%
80%
94%
70%
83%
62%-
64%-
57%-
77%'
MOLECULAE
M
W
^ WEIGHTS
n
M
,77w/M
n
1 UNSAT-
URATTON
%
3,500 2,800 1.2 6
4,100 3,200 1.3 7
4,100 3,200 1.3 6
4,600 3,200 1.4 5
4,500 3,800 1.2 8
4,700 4,000 1.2 6
5,200 4,400 1.2 6
27,000 20,000 1.3 2
20,000 15,000 1.4 3
18,000 14,000 1.3 3
13,000 8,400 1.5 6
16,000 11,000 1.6 5
1 bulk polymerization with tetraethylannnonium benzoate
2 of polymer insoluble in 80:20 hexane ether
3 relative to polystyrene with a Waters Model 201 GPC, THF solvent,
1.5 ml/min.
4 from Varian T60, 60 MHz HI NMR, by direct integration for the alkyl
esters, and from peak heights for the benzyl esters
5 of polymer insoluble in 90:10 methanol :acetone
6 initiated with potassium benzoate dibenzo-18-crown-6
,
a) in benzene
and b) in THF
89
Pol..e.s. Si.nar
,,elds we.e ob.ai.ed
.o.. eases. 80-95 pe.een.
and ..e MWO .as sUgHU,
.a..owe. (M^/M^ . _
,,,, ^
(alkyl
.alolactonates). This last
.esuU, however, could be a mani-
festation Of the fractionation of the polymers due to solubility dif-
ferences Which led to the use of 50:50 hexane:ether as a non-solvent
for precipitation of the alkyl polymers (PMLABE was precipitated in
-thanol. but the alkly ester polymers were methanol soluble).
Analysis of the polymers by NMR revealed the presence of an
extra peak located at 6.7 ppm (spectra No.'s 6, 8, and 10).
Magnification of the same region for poly(benzyl malolactonate ) showed
that the same signal was present as well (spectrum No. 3). It pre-
viously had not been noted as it was masked by the large aromatic peak
centered at 7.1 ppm. The chemical shift of this signal is consistent
with that of the fumarate double bond protons (a vinylene double
bond). Oimethyl fumarate exhibits a signal at 6.7 ppm (spectrum No.
4), ethyl fumarate at 6.9, and fumaric acid at 6.6 ppm. ^^^^^^^
protons, located at 6.3 ppm for maleic acid, or vinylidene protons, at
5.9 and 6.4 ppm for itaconic acid, were found. Signals at 134, 132,
164, and 165 ppm in ^^C NMR spectra of the polymers were found to be
consistent with fumarate carbons (^\ NMR spectra No.s 10, 11, and
12).
The transfer reaction to monomer, shown in Figure 15C and
again in Figure ISA, could account for the formation of these fumarate
groups by a-hydrogen abstraction from a lactone monomer. The
occurrence of this reaction could account for the polymerization beha-
FIGURE 18
Transfer Reactions
Transfer to monome
CO.
^ o
H-C—
O
CO2R
CO2H
CO2
Transfer to polymer;
5)
CO2 * -•^--^CHCH2C02'^-CH^:hC02'
C02R
c=c
C02H
Alternative transfer to monomer;
/"^CHCH2C02
CO2R
H-C4-C
CO2R
,H CO.
H CO2R
91
vio. obse^ed an.
.es.l. U .He
.olecuU. „eig,.
.He pol^e.s Hei„,
less than theory would predict. Abstraction o£ a hydrogen ato™ alpha
to a carbonyl group in the hacUbone of the polymer (i.e.. transfer to
polymer) could also produce a fu.arate end group as sho™ in Figure
ISB. Extensive chain degradation „ould be expected over long periods
of time With a very broad MWD resulting if this reaction was
operative. However, unquenched polymerization reactions which were
allowed to stand for periods of up to several months did not show a
molecular weight decrease from the value obtained by GPC immediately
following complete conversion of monomer, and the distributions were
fairly narrow in all cases.
Another transfer reaction involving abstraction of the
S-hydrogen, Figure 18C. could produce unsaturation as well. That is,
the 3-hydrogen is located alpha to the substituent ester and could be
active towards transfer, for reasons the same as that for the activity
of the hydrogens alpha to the ring carbonyl. However, no vinyl or
vinylidene type protons or carbon atoms were detected in the NMR
spectra of the polymers. It is, therefore, likely that the fumarate
end groups formed were a result of only the transfer reaction to
monomer. Figure 18A.
The amounts of unsaturation in the polymers shown in Table 8
were determined from their NMR spectra, by integration of the
various signals and calculating the value as follows:
% unsaturation = integral of peak at 6.7 ppm x 1/2
integral corresponding to 1 H
atom from the other signals
The factor of 1/2 in the numerator Is necessary beca.se two protons
account for the signal which corresponds to one double bond. The
denominator is simply the Integral amplitude corresponding to one pro-
ton determined from the main polymer signals.
A number average degree of polymerUatlon
,
X^, can be obtained
from the percentage of unsaturatlon
,
by the following equation:
_
total no. of monomer units 100
n total no. of polymer chains " z unsaturatlon
The values obtained from this calculation were compared with experi-
mental values obtained by GPC. Fair agreement was obtained as shown
in Table 9, considering the large error associated with each of the
analytical methods. The integral for the fumarate signal had to be
increased from 4 to 10 fold to be at all measurable, and the M values
n
obtained from GPC are probably + 1000 at best.
The reason for the obvious difference in behavior between the
polyCalkyl malolactonates ) and poly(benzyl malolactonate ) is unclear.
Higher molecular weight and consistently lower percentages of unsat-
uratlon were found for the later, for bulk polymerizations. The
molecular weights obtained are, of course, a reflection of the two
1 58
rates , as follows
— 1 T rateof propagationmolecular weight oc p ^^050^x^11
rate of transfer
The two reactions in competition, propagation and transfer, involve an
S^2 addition and an E2 elimination, respectively. Neither steric nor
TABLE 9
Experimentally Observed Compared to 7 Calculated
from Measured Fumarate End Group Content
ESTER
1 for polymerization conditions, see Table
2 based on NMR results
3 based on obtained by GPC
, relative to polystyrene
4 % DIFF. =
(X Exp.) - (X Calc.)
n n
(X Exp.)
n
rs were
be
elect.on.c effects of
.He este. ,.o.p see. appUeaMe
.n explaining
the difference in behavior. Variations in steric hindrance by the
ester group
.ay influence the S^2 reaction (propagation) at the
3-carbon, but an influence on the E2 reaction (transfer) at the
a-carbon does not see. li.ely because of the large distance between
the two groups. Steric substituent constants defined by
p 150latt indicate hindrance would follow the order:
methyl<ethyl<benzyl<i-propyl. TT^erefore. if steric facto
effecting either reaction, a trend in the alkyl series should
apparent but was not noted. On the other hand, obvious electronic
effects do exist between the alkyl and benzyl substituents. but
transmission of the effect through the ester group does not seem
likely, and again, no trend in the alkyl series was observed.
Another possible explanation could be that the molecular
weight determined by GPC for the poly(alkyl malolactonates ) was not a
true representation. Considerable difference in the solubility of the
polymers were already mentioned. However, absolute molecular weights.
M^. were determined for the various polymers by vapor pressure
osmometry, V.P.O., and the results were compared with the values
obtained by GPC based on polystyrene. As shown in Table 10, good
agreement between these values was obtained in all cases.
Although the difference in molecular weights between the
poly(alkyl malolactonates) and poly(benzyl malolactonate ) seems large,
only a very small change in either the rate of propagation or transfer
could have caused this difference. It could be possible that steric
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TABLE 10
Comparison of Molecular Weights Obtained
1 9by GPC and VPO
ESTER (CPC)^ (VPO)"^
METHYL 3,200 2,500
ETHYL 3,200 2,800
i-PROPYL 4,400 3,700
BENZYL 20,000 17,000
Stnd
.
20,000 21 ,000
1 Gel Permeation Chromatography
2 Vapor Pressure Osmometry
3 relative to polystyrene with a Waters Model 201
GPC, THF solvent, 1 .5 ml/ir.in.
4 by Schwarzkopf Microanalytical Laboratory, Woodside, N.Y.
or electronic differences do exist between the two, possibl. as a
result of a preferred orientation of the benzyl ring. However, the
low molecular weights obtained for for the al.yl polymers resemble
those fro. the data obtained in the original investigations on the
polymerization o, benzyl
.alolactonate
. It was found in this investl
gation that monomer purity was most likely responsible, and a similar
effect could be Involved here (although no impurities were detected b
analytical HPLC).
Kinetic analysis
.
For the anionic polymerizations just
described, the lactone monomers were consumed by three different
reactions: initiation, propagation, and transfer to monomer (Figure
18A). All three reactions involve the reaction of the active species
a carboxylate anion, with monomer, and all three reactions regenerate
a carboxylate anion, but transfer to monomer produces a dead chain as
well. Each of these reactions could be expressed by a rate equation
of the form:
\ = k^[RC02"] [M]
where x = i, pr, and tr, for initiation, propagation, and transfer,
respectively. A counterion would, of course, accompany the car-
boxylate anion. The overall rate of polymerization would be given by
a combination of the individual rates. However, initiation would
contribute only in the early stages, while propagation and transfer
would begin following initiation and continue until all the raonoraer
was consumed. The concentration of carboxylate anions should remain
97
constant because the chain transfer step does not terminate the Une-
tlc Cham and a carbo.ylate anion capable of reinitiation Is forced
along with the dead polymer chain,
-^e carboxylate anion con-
centration Should, therefore, regain constant and he e,ual to the Ini-
tial initiator concentration ([I]). As a result, after a short period
of tl™e, the rate of polymerisation would be given by the following
expression
ora
at
or, as a close approximation, by the following:
\ = -d[M] _ K [I] [M]
^ dt ^
where is an average rate constant and would have contributions fr
both transfer and propagation.
As written above, the rate equation is second order, first
order in monomer and first order is initiator. However, since the
Initiator concentration remains constant (the term K [11=
A
constant), the equation can be handled as a pseudo first order
equation, and rearranging and integrating gives:
In [M] = -K^ [I]t + In [M^]
in which [M^] is the initial monomer concentration. Therefore, if the
lactone polymerization obeys this scheme, a plot of ln[M] versus time
should be linear, with a slope equal to (the negative of the
98
Pseuao fi.st orae.
..ee constant. „Uh uni.s of
.ecip.ocal ci„e,. The
absolute
.ate constant £ot the secon. o.de. equation. K^, eould be
Obtained fro™ the negative of the slope by dividing hy the Initiator
concentration, [1) (K^ would have units of liters ^ole"' tl^e"').
Another verification of the pseudo first order nature of the
polymerization Is that of the
.onomer half-life." The half-life is
defined as the ttae required for half of any given quantity of a reac-
tant to be used up,
^^^^
^.^^ ^^^^.^^^
^^^^^
[MJ/2. Substituting m the equation above and solving for t. gives
the following:
In
°
[M ]/2
t, = 0 = In 2 _ 0.693
^
_
~
~
'
The half-life, t^^^, can be calculated by substituting the slope
obtained from the aforementioned plot in the above equation, and this
value should agree with the one obtained by determining the time
required for [M] to reach [M ]/2 from a simple plot of monomer con-o
centration versus time.
Polymerizations of highly purified MLABE were carried out.
The reactions were run in solution to avoid any effects which may have
been caused by the large changes in viscosity which accompany bulk
polymerizations. The progress of the reactions was followed by
99
infrared spectroscopy by monitoring the 1850 c^'^ absorption of the
lactone carbonyl in the poly.eri.ing solution, band was assigned
to the lactone ring carbonyl. and its absorbance was, therefore,
directly proportional to the mono.er concentration at a given ti.e.
AS the reaction proceeded, the 1850 c."^ absorption decreased, while
the 1750 absorption for the acyclic ester groups increased as
shown in Figure 19. The absorption at 1500 c.-\ assigned to the
benzyl group, remained unchanged as mono.er was converted to polymer
and provided a good internal standard.
Polymerizations of MLABE were carried out with tetraethylam-
monium benzoate in THF at 65°C. TWo different initial monomer con-
centrations were used and the progress of the reactions were monitored
as discussed above. Plots of monomer concentration (as absorbance of
the 1850 cm"^ band) versus time and of the natural logarithm of
monomer concentration (InA) versus time are presented in Figures 20
and 21, respectively. The kinetic data obtained for the two experi-
ments is collected in Table 11. Linear regressions (LR) of 0.98 were
obtained from both log plots and some deviation from linearity was
apparent at high conversions. The slopes obtained from the two
experiments were nearly identical and should have been because only
[M^] was changed while and [I] remained constant. The half-lifes
obtained from the plot in Figure 20 agreed well with values obtained
from the slopes of the curves in Figure 21. Similar results were
obtained using potassium benzoate-18-crown-6 initiator in THF at 60**C.
These results are presented in Figure 22. Again, deviations from
100
Partial Infrared Spectra of Benzyl Malolactoanate (solid
line) and Poly(Benzyl Malolactonate) (dashed line)
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linearity are apparent at high conversion, but a linear regression of
-0.99 was obtained fro™ the data collected over a 12 hour period. The
rate constants for the polymerizations carried out at 65°C when con-
verted to units of liters mole"^ minute-\ were 36 and 38
respectively. These results compare well with those of other lactone
polymerizations. A value of 50 liters mole'^ minute"^ was reported
for the tetraethylammonium benzoate initiated polymerization of
a-methyl-a-n-butyl-3-propiolactone at 36°C in THF.
As mentioned previously, the transfer reaction to monomer does
not terminate the kinetic chain, although each transfer step does pro-
duce a dead polymer chain. Active chain ends should remain after all
the monomer has been consumed. The absence of termination of the
kinetic chain was demonstrated by adding more monomer to the polymeri-
zation vessel after all of the initially added monomer had been
consumed, as shown in Figures 20 and 21. The chain ends apparently
had remained active after standing for five days, although the rate of
polymerization appeared to be slightly slower. Whether some ter-
mination had occurred was difficult to tell, because only three data
points were taken, and deviation of the rate at high monomer conver-
sion was already noted.
The existence of a transfer reaction was suggested to account
for the molecular weights of the polymers being less than that which
theory, in the absence of transfer, would predict. As pointed out by
158
Flory, the number average degree of poljrmerization produced must be
proportional to the rate of polymerization divided by the rate of for-
mation of chain ends, thus:
106
"
a: Rpr
^
kpr[l] [Ml kpr
" \r [M]
In other words, the molecular weights nf ^v,o io the polymers produced should
be insensitive to the initial initiator and monomer concentrations.
This was found to be the case, as shown in Tables 8 and 11, m which
changing the ratio of initiator to monomer by an order of magnitude
had little effect on the molecular weight of the polymers formed.
The temperature dependence of the degree of polymerization
follows from the equation shown above, because each rate constant can
be expressed by an Arrhenius type relationship, as follows:
_
A (E - E )
1 X = 1 -EI _ - Pr tr^
n n
^ \j- RT
The difference in activation energies for the two reactions can be
obtained from the slope of the line obtained by plotting the In
versus 1/T. A plot of this type is shown in Figure 23 for bulk
polymerizations of MLABE with triethylamine
. A difference in activa-
tion energies of only 4 kcal mole"^ was estimated from the slope,
indicating that the monomer was a very effective chain transfer agent.
However, only three data points were used.
The data obtained was in good agreement with the results pre-
dicted from the kinetic analysis. This agreement is not proof that
the proposed initiation, propagation and transfer to monomer reactions
are the only ones operative, because other reaction schemes could obey
107
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the sa.e U„..ic equations. However, the data does Indicate that this
suggestion is possible and adds further support to the spectroscopic
evidence for the existence of a tranc=f«r- ^r ans er to monomer reaction, which
was previously reported.
One last consideration i<? that r^f »-k^ iidL IS of the molecular weight distri-
butions (MWD; M /M • X /7 ^ r,K^orr,^^ f
' w^"n' obtained from the anionic polymerization
of benzyl malolactonate
.
The values ranged from 1.4 - 1.5 for bulk
polymerizations and from 1.5 - 1.7 for solution polymerizations. It
is well known that lactones which polymerize without transfer or ter-
mination reactions form living polymers / ^5- 140 and if initiation is
rapid, all of the chains grow for the same amount of time and the MWD
is given by a Poisson distribution, which can be expressed as^^^
follows
:
X
w
, 1
—
- 1 +
:f-
n n
For a polymer with number average degree of polymerization of 100, the
distrubtion would equal 1.01. If transfer reactions accompany
polymerization, a broader molecular weight distribution will result
and should approach the most probably distibution. However, many
factors are involved and depending on the type and extent of transfer,
whether it occurs throughout the entire polymerization process or is
more active in earlier or later stages, differing results may occur.
The MWD's obtained in this investigation were much broader than those
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obtained for lactone polymerizations which occur without transfer.
Solution polymerizations gave lower molecular weights, presumably
because of increased transfer, and the distributions were broader than
those obtained from bulk polymerizations. T^e values seem consistent
with the presence of a transfer reaction, and distributions ranging
from 1.24
- 1.48 were obtained when a-methyl-a-n-butyl-3-propiolactone
(a lactone capable of forming a living polymer) was polymerized
anionically in the presence of a chain transfer agent.
Cationic polymerization. Polymerizations of benzyl malolac-
tonate were carried out with several cationic initiators, with and
without dichloromethane solvent. The results, presented in Table 12,
were similar to those obtained previously by both Wojcik^ and Vert.^
Only low molecular weight polymers were obtained despite the use of
highly purified monomer. Conversion and molecular weight were found
to increase very slowly with time, but no appreciable methanol insol-
uble fraction was obtained in any case. Low molecular weight poly-
mers were obtained using ferric chloride and aluminum chloride
initiators in bulk polymerizations at 60°C, while no reaction was
detected when these same initiators were used at room temperature.
Both trityl hexachloroantiraonate and trityl tetraf luoroborate produced
only oily oligomers. No attempt was made to study the effect of water
as a cocatalyst with the lewis acid initiators or to deduce the
mechanism(s) of poljrmerization.
Polymerization with organometallic compounds
.
Polymerizations
of the malolactonate esters were carried out with a
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trlethylaluminum/water catalyst system. As stated in the
found effects on the molecular weight, yield, and stereoregulari ty of
the polymers produced, as well as on the rate of polymerization.
Therefore, all the initiator solutions were prepared by adding water
to a toluene solution of the triethylaluminum cooled to
-78°C, and the
mixture was allowed to warm up to room temperature and stand for one
half hour (gas evolution had ceased) before adding it to the polymeri-
zation vessel and sealing it off. Water was used in a one-to-one
molar ratio because this ratio has been shown to give good results
with many lactones ,
'
* ^-Lso to allow comparison with pre-
vious work.
The results presented in Table 13 are similar to those
reported by Vert.^ Low yields of polymers which were insoluble in
common organic solvents (and later determined to be crystalline) were
obtained from methyl, ethyl, and benzyl malolactonate
. The yields
were lower than those previously reported and may have stemmed from
differences in catalyst activity resulting from variations in the
amount of water added. Different temperatures were used as well, and
yields of poly(benzyl malolactonate) were found to decrease slightly
with Increasing temperature. No toluene insoluble (crystalline)
polymer was obtained from i-propyl malolactonate, although a low yield
of a methanol insoluble polymer was obtained. These results seem to
141 144support previous reports ' that the size of 3-substituents can
influence both the yield and stereoregularity of the polymers.
112
TABLE 13
Polymerization with Triethyl Aluminum-Water
l;ster
1 TEMP
.
(°C)
TIME
V UiA y h }
YIELD-*
BENZYL 1 . IM 60 7 1 AX
BENZYL 1 .OM 85 7 0.7%
METHYL 0.9M 60 14 4.1%
ETHYL 1 .2M 60 U 1.1%
i -PROPYL 1 .OM 60 U 0 "
BENZYL^ 2. 5M 50 7 10
1 with water added, 1:1
2 Toluene solution, Iq/Mq = 1-0
3 of polymer insoluble in the Toluene solution
4 no Toluene insoluble fraction, but 1% yield of Methanol
insoluble polymer
5 no water added and yield is for acetone insoluble polymer
(see reference 1)
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^oly.er
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has already been mentioned to be the opposite of the order of steric
influence as defined by Taft.'^O ^
^^^^^^^^
ditlons to give better yields by varying the a«nnt of water added,
temperature, and time of polymerization. In all likelihood, some
Improvement could V.ve been made, but for reasons already mentioned,
none was attempted. No polymerizations with zinc catalyst systems
were tried because It was previously shown to be a poor catalyst
system,' possibly because of a preferred coordination of the ^Inc with
the side Cham ester (Instead of the lactone ester) as was reported
elsewhere with similar 6-lactones. ^''^'^
CHAPTER IV
POLYMERS, REACTIONS AND CHARACTERIZATIONS
Introduction
Reactions on the polymers were restricted to hydrogenolysis of
polyCbenzyl maloactonate ) for the purpose of preparing poly(e-.alic
acid) as depicted in Figure 1. T^e original procedure used by
Vert^ was evaluated for its applicability with the higher molecular
weight polymers prepared in this investigation. Coupling reactions of
PMA as well as hydrolysis and degradation studies have been under
investigation by the University of Rouen team. The results of their
investigations are summarized in Chapter VI. In this study, charac-
terization of the polymers was limited to spectroscopic analysis,
molecular weight determinations, and thermal analysis (differential
scanning calorimetry )
.
Hydrogenolysis of Poly (benzyl malolactonate
)
Hydrogenolysis has been defined as the cleavage of a carbon-
hetero atom bond by catalytic hydrogenation. A wide range of
catalysts, catalyst supports, solvents, temperatures, and pressures of
hydrogen have been used to effect a great number of reductions.
Proper selection of reaction conditions and catalyst has, in many
cases, allowed the reduction of one functional group in the presence
114
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Of another. Many examples are kno^. and the general appUcaMU.y of
this method has recently been discussed.
Benzyl esters (as „ell as ethers and amines) readily undergo
hydrogenolysls under mild conditions, and for this reason have often
been used as blocking groups, '^5
^
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synthesis. Low pressures and temperatures with paladium catalysts
and polar solvents are most often used. Under these conditions,
debenzylation of a carboxylate ester can often be accomplished without
reacting other ester functional groups present which require more
vigorous conditions for hydrogenolysls. Vert employed a 50/50 ethyl
acetate /ethanol solvent combination and a ten percent paladium on car-
bon catalyst at room temperature to remove the benzyl group in
polyCbenzyl malolactonate ) .
^ The reaction proceeded readily with
complete removal of the benzyl protecting groups in less than one hour
and no molecular weight degradation by hydrogenolysls of the backbone
ester was observed. The progress of the reaction was followed by IR
spectroscopy by monitoring the disappearance of the benzyl absorbance
at 1500 cm ^ The carbonyl stretch at 1750 cra"^ also broadened with
time because of the overlap of the carboxylic acid and ester
absorbances. The IR data correlated well with the hydrogen uptake as
shown in Figure 24 (which has been reproduced from the original work
of Vert and Lenz^.
Studies were undertaken to see if this general procedure could
be applied to higher molecular weight poly(benzyl malolactonate )
,
PMLABE. In the initial study, PMLABE of molecular weight 14,000
116
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) was used. ^e polymer would not dissolve In a 50/50 fixture of
ethyl acetate/ethanol, but a solution was obtained by increasing the
amount of ethyl acetate to 75 percent. The ten percent paladiu. on
carbon catalyst was added and the flask fitted to the hydrogen flushed
apparatus. The hydrogen uptake was followed with ti.e and .ore than
four hours was required for complete conversion as shown in Figure 25
( + ). At first, the long time required for the reaction was attributed
to the higher molecular weight but was later determined to be a result
of the use of catalyst of low activity. PMLABE with a molecular
weight of 29,000 (M^^^) underwent complete hydrogenolysis in
approximately one and one half hours under similar conditions uti-
lizing freshly opened paladiura catalyst, as shown in Figure 25 (x).
The time required for this last reaction, although much
improved over that of the first, was still considerably longer than
that which was reported in the original studies^ (see Figure 24).
Other than molecular weight, the only different between the reactants
was the solvent composition, and it is well known that catalytic acti-
vity is generally Increased in changing from nonpolar to polar
solvents. The effect of solvent was studied by replacing the 95
percent ethanol with absolute ethanol and using the same polymer
^^GPC
^ 29,000) and catalyst. The result is presented in Figure 25
(o). Initially a very small amount of hydrogen was taken up (probably
absorbed by solvent and catalyst), but the uptake ceased and no reac-
tion occurred. After 50 minutes, water was added to bring the solvent
composition back to that used previously, and the reaction began imme-
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diately and proceeded
.o complete conversion as before. Thus,
.he
longer tl.e involved
.ay not have been a reflection of molecular
weight, but rather solvent polarity.
Polymers of different molecular weights were dissolved in a
solvent mixture of identical composition (70/30 ethyl acetate/90%
ethanol) and hydrogen uptake as a function of time was determined
using the same catalyst in each case. T^e results, presented in
Figure 26, indicate that no significant molecular weight effect was
involved. The longer times observed may, in fact, be caused by a dif-
ference in solvent composition or catalyst activity.
The molecular weights of the starting PMLABE. and the PMA
obtained from it, were determined by GPC and compared to see if any
backbone degradation had occurred. Typical chromatograms are shown in
Figure 27 (M^^^ of 7,000 and 5,000). An average degree of
polymerization, was calculated from the M^^^ value for each of the
polymers. The results, presented in Table 14, indicate that no back-
bone ester hydrogenolysis had occurred.
In conclusion, it appears that hydrogenolysis of PMLABE of any
molecular weight without degradation should be possible, although high
molecular weight polymers may require longer reactions times if non-
polar solvents are required to dissolve them. Also, all of the poly-
mers tested were prepared from racemic MLABE and were noncrystalline.
High molecular weight crystalline polymers may behave quite
dif ferently.
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FIGURE 27
GPC Chromatogram of PMLABE and PI-IA
30 35 40 45 m
ELUTION VOLUME
TABLE 14
Molecular Weights' of PMA from Hydrogenolysls of PMLABE
PMLABE
M
GPC
14,000
29,000
U ,000
DP
68
141
53
PMA
M
GPC
7,600
19,000
6,700
DP
66
164
58
^
rul^^^7
'° polystyrene with a Waters Model 201 GPCTHF solvent, 1.5 ml/min. '
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Characterization
Molecular weight determination
The molecular weights which were reported throughout the the-
sis were obtained by gel permeation chromatography (GPC). IWo dif-
ferent column sets and solvents (THF and dloxane) were used. The
different conditions did not Influence the values obtained to a great
extent. The values themselves were obtained from a polystyrene
calibration curve. Three different molecular weight averages were
reported. Both number average, M and weight average, M
, molecularw
weights were obtained from the classical summations. Tl.e third value
which was reported, M^p^. is defined as the molecular weight at peak
maximum relative to polystyrene. In general, the value of M wasGPC
found to be slightly greater than for all the poly(malolactonate
esters). Absolute molecular weight determinations were carried out on
a sample of each of the poly(malolactonate esters) and compared with
the results obtained from GPC to insure that a good representation was
being obtained from the later method. The results, presented in Table
10, indicate the values were acceptable in all cases.
Spectroscopic analysis
1 13Infrared, H and C NMR spectra were recorded for the poly-
mers obtained by anionic polymerization. Typical spectra are pre-
sented in the appendix. The IR spectra all show the expected
absorptions, with the strongest band being located at 1750 cm~\ which
corresponds to the stretching vibration of the ester carbonyls. The
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polymers obtained f.o. catlonlc and organo.etal Uc initiator were
identified by their IR spectra, and no differences were observed bet-
ween these and the poly.ers obtained by anionic polymerization. No
further spectroscopic characterization was carried out for the poly-
mers prepared from cationic or organometal lie initiators.
The NMR spectra of the polymers prepared by anionic poly-
merization are also presented in the appendix. Chemical shifts and
peak assignments are given with the spectra. The splitting patterns
and integrations were consistent with the structures given in all
cases. An extra signal, located at 6.7 ppm, appeared in the spectra
of all of the polymers and it is believed that this peak is for the
protons of fumarate end groups which were produced by a transfer reac-
tion to monomer, as discussed in Chapter Hi.
Analysis of the polymers by '\ NMR also revealed the presence
of extra peaks at 132. 134, 164 and 165 ppm. which were consistent
with the vinylidene carbons and carbonyls of fumarate groups. These
signals were not readily detected in the spectra of poly(benzyl
malolactonate) and are not evident in spectrum No. 9 in the appendix.
but they were found in some of the lower molecular weight samples by
scanning for long times.
The benzyl ester polymer showed the two expected carbonyl
signals for the backbone and side chain esters. On the other hand.
the ethyl ester polymer gave only one signal in the carbonyl region,
while the methyl and i-propyl polymers exhibited three signals in the
same region. The methyl and i-propyl polymers could have different
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tactlclty eve„ though all of the polymers were prepared fro™ race.lc
™ono.ers and presumably should have similar atactic structures. No
crystalUnlty was found In any of the polymers as discussed in the
next section. Further, no difference In the spectra or splitting of
the carbonyl signals, or those of the chlral carbon, or
.ethylene
backbone carbon atoms, were observed for the Isotactlc and atactic
polymers prepared from optically active and racemlc benzyl
malolactonate.5 This result Indicates that the method was Insensitive
to such differences.
Closer examination of the chemical shifts of three carbonyl
signals observed indicated that the third signal probably arose from
the backbone carbonyl and not the pendant ester. Differences in the
nature of the side group may have resulted in different overall
polymer conformations which could lead to the observed behavior, but
no proof of this suggestion was obtained, and the precise explanation
remains unclear.
Thermal analysis
Thermal analysis of the poly(malolactonate esters) was carried
out with a differential scanning calorimeter, DSC. No melting
endotherms were observed for any of the polymers prepared by anionic
polymerization. These results are in accord with those previously
reported for PMLABE, and support the contention that anionic polymeri-
zation of racemic malolactonate esters leads to the formation of atac-
tic noncrystalline polymers.
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Crystalline polymers, presumed to be isotactic, were obtained
in a previous study by polymerization of optically active MLAB. with
anionic, cationic, and organometallic initiators.^ All of those poly-
mers exhibited multiple
.elting endotherms over a teperature range of
IA0-160°C. T^e phenomena of multiple melting endotherms has been
discussed in detail elsewhere^'
Racemlc MLABE formed crystalline polymers only by polymeriza-
tion with triethylaluinum/water catalyst systems.^'^ Again, multiple
melting endotherms were observed for those polymers in the temperature
range of 160-185°C. Similar results were also obtained in the present
study with the same initiator system. Multiple melting endotherms be-
tween 160 and 190°C were observed for PMLABE, while the methyl ester
polymer, PMLAMeE, and the ethyl ester polymer, PMLAEtE, exhibited
peaks in the 130 to 170 and the 120 to 150°C ranges, respectively.
Example thermograms obtained by DSC analysis are shown for two of
these polymers in Figure 28 and the data is collected in Table 15. No
melting endotherm was observed for the i-propyl polymer, PMLAiPE.
However, only a small sample was analyzed and melting could have gone
undetected. The lack of crystallinity in this polymer sample could
account for the difference in its solubility behavior (mentioned in
the last section of Chapter III).
Stereospecif ic polymerizations by triethylaluminum/water
systems are well known.
» ^^^^^^
mono- 3-subst ltuted-3-propiolactones form isotactic pol)nners with this
catalyst* The product Is a physical mixture of rectus polymer chains
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and sinis ter polymer cha-InQ^^^ r,r.AF ins and is optically Inactive. In
contrast, chlral monomers of this tvoe fnrn, -r . .cm yp orm isotactic polymers which
contain only^one type of chain and. therefore, exhibit optical
activity. 5'84 similar behavior with MLABE could account for the dif-
ference in solubility behavior which was observed for the polymers
prepared from the racemic and optically active monomers; that is the
former were Insoluble in all common organic solvents tested, while the
later were soluble.
Glass transition temperatures. T^. for the poly(malolactonate
esters) were also measured by DSC. The values reported in Table 15
are for the onset of the T^ transition at a heating rate of
20°C/minute. Typical thermograms obtained from second heating runs
are shovm in Figure 29.
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CHAPTER V
EXPERIMENTAL
Reagents and Solvents
Most reagents used were available fro. several suppliers, and
specific suppliers are indicated only for the reagents which were dif-
ficult to obtain. Technical grade solvents were sued for all
extractions and spectrophotometric grade solvents were used in the
lactonizatlon reactions. Distilled water was used in all cases.
Alcbhols used as reagents were spectrophotometric grade and were dried
and purified before use by standard procedures . ^ Initiators used in
polymerization reactions were purified as indicated and solvents for
polymerization reactions were spectrophotometric grade and were dried
and purified^^^ before use.
Monomer Syntheses
Bromosucclnic acid; [2-bromo-l, 4-butanedioic acid]
Broraosuccinic acid was purchased from Aldrich Chemical Company
in 96 percent purity or, alternatively, it was prepared by the reac-
tion of hydrogen bromide with maleic acid [cis-1 , 4-butenedioic acid].
Maleic acid was obtained by refluxing maleic anhydride in
water for 24 hours. Fumaric acid [ trans- 1 , 4-butenedioic acid]
crystallized upon cooling and was separated by filtration. The maleic
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acid forced was then obtained by removal of the water on a rotary
evaporator using a low temperature to prevent further formation of
fu.aric acid. The white solid product obtained was dried under vacuu.
(low temperature), suspended in chloroform to remove unreacted
anhydride, filtered, and dried to give a crystalline white solid, M.P.
139-140°C. A typical reaction involved 500 grams of maleic anhydride
(5.1 moles) in 750 ml of water and resulted in the formation of 525
grams of meleic acid (4.5 moles) for an 89 percent yield.
The addition of hydrogen bromide to maleic acid was
accomplished by two different methods. In the first method, 135 grams
of maleic acid (1.2 moles) was dissolved in 900 ml of acetic acid, and
the solution was placed in a two liter three-necked round-bottom flask
equipped with a pressure equilibrating addition funnel with a nitrogen
inlet, thermometer, condenser with a ntirogen outlet to fume hood, and
magnetic stirrer. Then 464 grams of a 30 percent solution of HBr in
acetic acid (obtained from the Fisher Scientific Company) was added
dropwise to the stirred solution over a period of several hours at a
rate such that the temperature did not rise above 30°C. Stirring was
discontinued after 24 hours, the solution was filtered to remove any
insoluble fumaric acid which may have formed, and acetic acid removed
on a rotary evaporator. The yellowish residue obtained was suspended
in chloroform, filtered and washed again with chloroform. The white
solid was dried under vacuum to give 174 grams of bromosuccinic acid,
M.P. 161°C, a 76 percent yield.
The other method used involved the addition of dry hydrogen
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bromide gas (purchased from the Matheson Corporation) to a stirred
fixture of maleic acid in diethyl ether cooled to 0°C in an ice/water
bath. The apparatus which was used was similar to that described by
Mozingo and Patterson. witrogen gas was first added slowly to pre-
vent the traps from backing up while the reaction vessel was cooled to
0°C. After cooling, HBr gas was added slowly until the proper amount
(l.l moles HBr to 1 mole of maleic acid), determined by weighing the
reaction vessel, was added. The vessel was sealed tightly, allowed to
warm up to room temperature, and stirred for from one to several days.
The excess HBr was vented by the addition of nitrogen, and the solu-
tion was filtered to remove any insoluble material. After evaporation
of the ether, the yellowish residue was handled as before. Typically,
2 moles of maleic acid (232 grams) was dissolved in 1.5 liters of
ether, and yields of bromosucclnic acid ranged from 70 to 80 percent.
All products and by-products were identified by their known
melting points and by comparison of their IR spectra with those in
Sadtler's Index of Spectra,
Bromosucclnic anhydride; [ 3-bromo-2 , 5-diketooxolane
]
Bromosucclnic acid was placed in a round-bottom flask equipped
with a mechanical stirrer and condenser with a nitrogen inlet and
outlet to a fume hood. Acetyl chloride (Aldrich Chemical Company,
98%) was added in a 3: 1 molar excess. The mixture was stirred and
heated to reflux, and after four to six hours, a yellowish homogeneous
solution was obtained. Heating was discontinued, and the reflux con-
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d.nse. was replaced Uy »i.pie
.l.tlluaon apparatus. By-p.oduct
acetic acid and anhydride and and excess acety, cMorlde were re«„od
by simple vacuum distillation ^acr^ir-,.ii l (aspirator vacuum). The dark brown
residue remaining was twice distilled under vacuum ar 89-9rc and
0.1-0.15 mm Hg to give a clear water-white oil whi un c , ch crys tal I i p^ed to
a white solid, M.P. 32-34°c vi^i^e uL. Yields of bromosuccinic anhydride of
90-95 percent were common. Analysis calculated from C^H303Br: 1
C. 26,84; M,1.69; 0.26.82; Br, 44.64. Found: C, 26.93; H, 1.72; 0,
26.64 (by difference); Br, 44.71. TR spectrum No. 1.
Benzyl hromosucclnate ( s )j_Ji::carlK^^^
3-carboben2oxy-2-hromopropanoic acidT " '
Pjinoic acid and
_
A mixture of the two benzyl bromosuccinate esters was obtained
by several methods. The percentage of the two varied depending upon
the method of preparation, as discussed in Chapter 11. m all cases,
an oil was obtained, and cocrystalllzatlon occurred upon standing for
long periods. Purification by vacuum distillation was not possible
without decomposition, and recrystalllzatlon from various solvents
failed because an oil was obtained instead of any crystals. Solvents
tried for this purpose were carbon tetrachloride, hexane, benzene,
1
,
2-dichloroethane, dichloromethane
,
tetrahydrofuran
,
ethyl ether,
nltroraethane, i-propanol, absolute ethanol, methanol, and combinations
of water with the alcohols.
Reaction of bromosuccinic anhydride an d benzyl alcohol.
- "— -
/
Benzyl alcohol was purified by distillation under nitrogen prior to
Its use, B.P, 204-208 °C. The alcohol was added dropwlse slowly to
\
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brcosuccinic anhydride with stirring under an inert atmosphere in a
l:l
-lar ratio. addition
.as done slowl, heeause of the exother-
mic nature of the reaction and also to prevent diester formation.
Following the addition, the flasU was heated to 60°C and maintained at
that temperature until the alcohol and anhydride absorption peaks
could no longer be detected by IR spectroscopy. Complete reaction
required approximately 24 hours. Spectra: IR No. 3, NMR No. 1.
NMR No. 's 1 and 2.
°^ HBLJlltjl^enzy^^ The addition of hydrogen
bromide to benzyl maleate was accomplished in several ways, similar to
those already described for the addition of HBr to maleic acid. Inert
atmospheres were maintained, and the reactions were carried out either
in acetic acid at room temperature or in ether at 0°C by using either
a 30 percent solution of HBr in acetic acid or dry HBr gas.
respectively. After the additions were completed, the reactions were
allowed to continue for 24 hours. With acetic acid solvent the reac-
tion mixture was poured into ice/water and stirred rapidly. The ben-
zyl bromosuccinate(s) separated from the aqueous phase and were
obtained by extraction with ether. With ethereal solvent, the reac-
tion mixture was washed well with water, dried, and the ether eva-
porated leaving the benzyl broraosuccinate (s ) . (Caution! Small
amounts of benzyl bromide, a severe lachrymator, may form). ^"'c NMR
spectrum No. 3 for the reaction in ether at 0°C.
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The alkyl bro«s„col„ate(s) were prepared by two different
routes analogous to that just described. When tbe appropriate alcohol
was added to bro^osucclnlc anhydride similar results were obtained. A
70=30 ratio of the two esters was obtained with no appreciable dlester
formation. A higher ratio of ester I to ester XI was obtained by the
addition of hydrogen bromide to either methyl
.aleate or ethyl „leate
along with considerable amounts of various dlester by-products as
discussed in Chapter II. Spectra: methyl bromosuccl„ate(s), IR No.
1
3
7, C NMR No. 4; ethyl broniosuccinate (s ) , IR No. 13; i-propyl
broraosuccinate(s), IR No. 15.
The monoesters of malelc acid were obtained by addition of the
appropriate alcohol to maleic anhydride in a 1 : 1 molar ratio. The
procedure was identical to the one described for the addition of the
alcohols to broraosuccinic anhydride. Benzyl maleate crystallized upon
cooling, M.P. 52-58°C. Methyl maleate and ethyl maleate were
obtained as clear water-white oils. Spectra: benzyl maleate, IR No.
2; methyl maleate, IR No. 11; ethyl maleate, IR No. 12.
Benzyl malolcatonate [ A-carbobenzoxy-2-oxetanone
]
Fifty grams (0.17 moles) of the 70:30 mole ratio mixture of
the benzyl broraosuccinate (s ) was placed in a one liter beaker followed
by 500 ml of water. Sodium bicarbonate was added slowly with stirring
to form a homogeneous solution with a final pH of 7-8. The neutra-
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lized este. acids were placed in a two li.er,
.h.ee-nec.ed round-
botto. flask fitted With a mechanical stirrer and a condenser
containing 300 .1 of .en.ene.
..e flask
.as Heated to 50°C, and rapid
stirring was begun (snch that the two phases mixed to appear as one
.ilky-white Phase) and continued for four hours with the temperature
maintained at 50°C. Other solvents, temperatures, and reaction times
«axe tried, as discussed in Chapter II. The stirring was stopped and
the reaction mixture was poured into a two liter separatory funnel and
allowed to separate into two phases. The aqueous phase (lower) was
removed and discarded. The organic phase was washed twice with 250 ml
of 0.5 M sodium bicarbonate followed by two washings with 250 ml of
water.
^
After drying with anhydrous magnesium sulphate, the solution
was filtered, and the benzene was evaporated to give 19 grams (0.09
moles) of benzyl malolactonate
,
a 76 percent yield. Purification of
the crude lactone was accomplished either by two passes through a pre-
parative HPLC followed by vacuum distillation at 105°C and 1 x 10~^ mm
Hg on a short path column (2-3 cm) or, alternatively, by direct
distillation of the crude lactone at 85°C and 5 x 10~^ mm Hg. Calcium
hydride could be used after the first distillation. Purity was moni-
tored by analytical HPLC. Elemental analysis is listed in Table 16.
Spectra: IR No. 4, ^H NMR No. 2, and ^"^C NMR No. 5.
Alkyl malolactonates: methyl, ethyl, and i-propyle s ters
;
[4-carboalkoyy-2-oxetanone(s)
]
A procedure similar to that described above for the prepara-
tion of benzyl malolactonate was followed, with the exception that the
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neutralised esters were added to dichloro.ethane at 30°C. Variations
m solvents, temperatures, and reaction tl.es are described In Chapter
II. The organic phase was handled as before. Purification was
accomplished by vacuum distillation on a short path column (5 cm),
followed by extraction with hexane to remove diester impurities which
codistlll. and finally by distillation from calcium hydride. I^e
boiling ranges were 40-42, 58-62, and 64-68°C at 0.01 mm Hg for the
-ethyl, ethyl, and 1-propyl malolactonates
.
respectively. Purity was
monitored by analytical HPLC. Elemental analyses are listed in Table
16. Spectra: methyl malolactonate
. IR No. 8. NMR No. 5. ^^C NMR
No. 6; ethyl malolactonate. IR No. 14, NMR No. 7, ^^C NMR No. 7; i-
propyl malolactonate, IR No. 16, NMR No. 9, ^^C NMR No. 8.
t-Butyl malolactonate; [4-carbo-t-butoxy-2-oxetanone 1
Approximately 25 grams of a complex mixture of products
obtained by the reaction of t-butyl alcohol and bromosucclnlc
anhydride (^^C NMR spectrum No. 13) was added to 200 ml of water and
neutralized with sodium bicarbonate. The oil which remained
undissolved was decanted from the aqueous solution. The aqueous solu-
tion was added to 250 ml of dichloromethane at 30°C and stirred for 24
hours. The two phases were separated and handled as before to give
6.5 g of t-butyl malolactonate, a clear water-white oil. Spectra: IR
No. 19 and NMR No. 11.
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Initiators
Aluminum chloride
Several grams of anhydrous reagent grade aluminum chloride
"ere placed In a flaoe-dried subll.ator under an inert atmosphere and
suhUmed at 125"C and 0.1 ™ „g. nn. white powder obtained was
removed In a glove box and placed in another subUmator and the proce-
dure was repeated. The sublimate was stored In the glove box In a
tightly capped vial.
Ferric chloride
Reagent grade ferric chloride was twice sublimed as above at
210°C and 0.1 mm Hg. The dark brown or black crystals obtained were
stored in the glove box.
Tin tetrachloride
Purification of tin tetrachloride was accomplished by
distillations from calcium hydride at 114°C under an argon atmosphere.
Triphenylmethyl carbenium hexachloroantlmonate
Approximately five grams of the trityl salt was dissolved in
7 5 ml of dry dichlororaethane to give a dark orange solution. Several
grams of phosphorous pentoxide were added and the solution allowed to
stand for several hours. After filtering to remove the P2O5. 75 ml of
carbon tetrachloride was added to precipitate the trityl salt. The
brilliant yellow crystals were collected by filtration and washed
several times with carbon tetrachloride and dried under vacuum. All
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operations were carried out in fla.e-dried glassware under an inert
atosphere. ^e crystals were removed after drying in a glove box and
stored there in a tightly capped vial.
Trlphenylmethyl carbenium tetrafluoroborate
Approximately five grams of the trityl salt was purified as
above with the exception that anhydrous magnesium sulphate was used as
the drying agent, and yellow-orange crystals resulted.
Trlethylaluminum
Triethylaluminum was purchased as a 25 weight percent solution
in toluene from Aldrich and was used without further purification.
All polymerizations with triethylaluminum were done in toluene solu-
tion with an equimolar amount of water added. A known amount of
triethylaluminum solution was placed in a flame-dried Schlenk tube
under nitrogen and cooled to
-78°C in a dry ice/acetone bath. An
equimolar amount of water was added and the solution was allowed to
warm up to room temperature and stand for either one half hour or
until no more gas evolution was evident.
Triethylamine
Potassium hydroxide pellets were placed in a flame-dried
pressure equilibrating dropping funnel under a positive nitrogen
stream followed by the addition of triethylamine. The mixture was
allowed to stand for at least 24 hours. If large quantities of water
were present, a two-phase system resulted, with aqueous potassium
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bydro.ide as the lo„er phase and t.lethnaelne as the upper phase and
the aqueous phase was removed and
.ore KOH added. This process was
repeated until the KOH pellets regained dry. pre-drled trlethyla-
ni.e was added under nitrogen atmosphere to a flan,e-drled distillation
apparatus containing calcium hydride. After no gas evolution was
evident, the material was refluxed for 24 hours and distilled through
a 30 cm packed column. The fraction which distilled at SO'C was
collected and stored under a nitrogen atmosphere.
Potassium acetate
Approximately 50 grams of potassium acetate was dissolved in
450 ml of absolute ethanol with stirring and was heated to reflux.
The hot solution was filtered and the white delinquescent crystals
obtained upon cooling were collected by filtration, dried at 60-70°C
-3
at I X 10 mm Hg to coastant weight, and stored under nitrogen.
Sodium benzoate
Approximately 145 grams of sodium benzoate was dissolved in
200 ml of water at reflux, filtered, and the solution allowed to cool
The white powder obtained was collected by filtration and dried to
constant weight and stored as above.
Potassium benzoate
The addition of 15.4 grams of potassium hydroxide (0.27 5 mole)
dissolved in 250 ml of absolute ethanol, to 30.5 grams (0.25 moles) of
benzoic acid dissolved in 500 ml of absolute ethanol, caused potassium
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benzoate to precipitate l„edlately. THe salt was collected by
filtration and washed well with absolute ethanol. white translu-
cent fla.es were dried under vacuu™ to constant weight and stored as
above
•
TetraethylamTTionlum benzoat
To a flame dried tube was added 0.5 grams of tetraethy 1am-
monlum benzoate (Eastan Chemical Company) followed by 20 ml of dry THF
under a nitrogen atmosphere. The mixture was heated to 50°C, and dry
dimethyl sulphoxide was added dropwise until a homogeneous solution
was obtained (approx. 0.5 ml). The solution was filtered and placed
in a freezer and the long white needles which formed were collected
(approx. 0.1 g) and dried at 5 x lO'^ nnn Hg to constant weight, M.P.
97-99°C. Analysis calculated from C^3H2502N: C, 71.66; H, 10.04; 0.
12.73; N, 5.57. Found: C, 71.49; H, 9.89; 0, 13.25; N, 5.37.
Potassium benzoate dibenzo-18-crown-6 complex
The crown ether complex was prepared by the method described
K D , 170 ^tjy fenczek. Equimolar amounts of potassium benzoate and
dibenzo-18-crown-6 ether (purchased from Aldrich, dried under vacuum,
and used without further purification) were dissolved in dry methanol,
filtered, and the methanol removed under vacuum. The greenish solid
was dried to constant weight at 80 °C at 1 x 10~^ mm Hg (2 days), and
stored under nitrogen.
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Polymerization
Two different procedures „ere .sed for the polymerization
reactions. One involved the use of SchlenU tubes and atmospheric
pressure, and the other used sealed tubes under vacuum.
Schlenk tube technique
The Side arm of the tube was used to apply either vacuu. or an
inert gas stream to allow for fla.e-drylng and insertion of materials
under an inert atmosphere. Solid initiators were weighed and added in
» glo.e box and liquid initiators were added by use of a gas-tight
syringe. Solvent, if any, and monomer were added with a gas-tight
syringe In that order, and the tubes were heated to the appropriate
temperature in a constant temperature bath with magnetic stirring.
Sealed tube technique
The polymerization tubes were attached to a three-way stopcock
such that the side arm could be attached directly to a high vacuum
line. The third arm was fitted with a septum to allow addition of all
materials with a gas-tight syringe. After flame-drying under vacuum,
initiators were added in known quantities from stock solutions with
gas-tight syringes. The solvent was removed under vacuum and the ini-
tiator dried at 5 X lO"^ mm Hg for at least 24 hours. Solvent, if any,
and monomer were added with a gas-tight syringe, and the solution was
de-gassed by freeze-thawing several times. The tube was sealed under
vacuum and placed in an appropriate constant temperature bath.
Agitation was provided by a mechanical shaker.
m acetone
were
was
io ns on
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Isolation of polymer s
The products of bulk polymerizations were dissolved
and precipitated, but the products fro™ solution polymerization
precipitated directly. Before precipitation,
_r conversion
determined by IR analysis of films cast from the polymer solut
sodium chloride plates. For poly(benzyl malolactonate ) , the ratio of
the 1850 cm"^ lactone carbonyl absorbance to the 1500 cm"^ benzyl
absorbance was used (see Figure 19). Conversions from the poly(alkyl
malolactonates) were estimated from the 1850 cm"^ lactone carbonyl and
1750 cm acyclic ester carbonyl absorbance. Poly(benzyl
malolactonate) was precipitated by slow dropwise addition of the
polymer solution (1 gram of polymer in 10 ml of acetate) to methanol
with stirring until a final concentration of 90:10 methanol : acetone
was reached. The stirring was stopped, the polymer was allowed to
settle, and the solvents were decanted. The weight of polymer
obtained after drying under vacuum was used to calculate yields.
PolyCalkyl malolactonates) were handled in a similar manner except
that a 50:50 hexane:ether solution was used instead of methanol.
Elemental analyses are listed in Table 17. Spectra: poly( benzyl
malolactonate), IR No. 5, NMR No. 3, ^^C NMR No. 9; poly(methyl
malolactonate), IR No. 9, NMR No. 6, ^^C NMR No. 10; poly(ethyl
malolactonate), IR No. 17, NMR No. 8, NMR No. 11; poly(l-propyl
malolactonate), IR No. 18, NMR No. 10, ^"'c NMR No. 12.
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iiyd£Ogenolysis of PolyCbenzyl maloT^^M^nn^
To a fla.e dried 50 .1 Erlen.eyer flask containing a
.agnatic
stirring bar was added 0.5 gra.s of poly(benzyl
.alolactonate ) which
had been dried under vacua, at 5 x lo'^ ™. Hg for at least 24 hours.
Ethyl acetate. 30 .1, was added. After the polymer dissolved. 10 .1
of 90 percent ethanol was added slowly. Under a nitrogen atmosphere.
200 milligrams of 10 percent palladium on carbon (Aldrich Chemical
Company) was added, and the flask was attached to the hydrogen-flushed
apparatus. An apparatus similar to that shown in figure 1-la of
reference 91 was used. Stirring was begun, the reaction mixture was
connected to the hydrogen gas reservoir, and the hydrogen uptake was
followed with time. After uptake had ceased, the flask was removed
and the contents twice filtered, the second filtration was through a
0.5 ym filter. After evaporation of the solvent. poly(S-malic acid).
PMA. was obtained as a highly hydroscopic white powder. Typically,
85-95 percent yields of PMA were recovered. Elemental analysis is
given in Table 17. See IR spectrum No. 6.
Measurements and Analyses
Purifications and purity
Prepurification of benzyl malolactonate prior to distillation
was accomplished using a Waters Associates Prep LC/System 500A and
PrepPAK-500/Silica column with dichlororaethane solvent at 150 ml/min,
(See Figure 11).
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solvent purity was
.onltored „lth a Varlan Model 3700 Gas
Chromatograph with a variety of columns and conditions.
Analytical scale high pressure Hn„,-jS liquid chromatography was used
to ascertain purity and composition of the lactone monomers as well as
of some of the high boiling bromosucclnate esters. Both a Waters
Associates Liquid Chromatograph Model 201, with a differential refrac-
tometer detector, and a Perkin Elmer System, with a Series 2 LC pump.
LC-lOO Column Oven. LC-75 Spectrophotometric detector, and Sigma lOB
Chromatography Data Station were used. A y-Porasll column (Waters
Associates) was used with either THF or THF:Hexane, 50:50. at 1.0
ml/mln. for analyses of polar compounds such as the bromosucclnate
esters. A y-Bondapak C18 column (Waters Associates) was used with
70:30 methanol rwater at 1.0 ml/mln. for analyses of all the lactone
monomers
•
Elemental analyses were done by the Microanalysis Laboratory
of the Cheistry Department of the University of Massachusetts at
Amherst
.
Spectroscopic analyses
Infrared spectra were recorded on either a Perkin Elmer Model
257 or 283 Grating Infrared Spectrophotometer or an IBM
IR98/Spectroraeter system. Solid samples were run as KBr pellets,
liquids were run neat between NaCl plates, and polymers as films on
NaCl plates cast from concentrated acetone solutions. A matched set
of liquid cells with 0.1 mm path length was used to analyze poly-
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merizlng solutions.
^NMR spectra „.r. recorded on a Varlan T60 'h NMR and a Varlan
"T-20 CNHR. Sanples were prepared in deuterated solvents
including acetone-d6, or chloro£or„-d as 10-50 percent by weight
solut ions
.
UV spectra were recorded on a Beckman Acta MVI, in dich-
lororaethane solvent.
Molecular weight determinations
Gel permeation chromatography was used to determine number
average, M^^ and weight average, M^, molecular weights which are
reported relative to polystyrene standards. A Waters Associates
Liquid Chromatograph Model 201 was used with ultras tryagel columns
(Waters Associates) with a differential ref ractometer and in some
cases, in conjunction with a differential UV detector operating at 254
nm. Either a 4 column set (Iq\ lo\ lo\ and 500 A°) with dioxane
solvent (1.5 m./min.) or a 5 column set ( 10^ 10^ lo\ 10^ and 500
A ) with THF solvent (1.5 ml/m in.) was used.
Vapor pressure osmometry was done on several samples (Table
10) by Schwarzkopf Microanalyt ical Laboratory, Inc., New York.
Thermal analyses
A Perkin Elmer Differential Scanning Calorimeter, DSC-2, was
used to determine glass transition temperature, T
,
and melting
temperatures, Tm, for the polymers (Figure 28, Figure 29, and Table
15). Samples of 1-10 mg were prepared in a glove box and the analyses
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were ca„ie. ou. unde. a „U.ogen a.^osp.e.e. «1 aa.a
.epo«ed „e.e
obtained at a heating rate of 20»K/mlnute.
CHAPTER VI
BIOMEDICAL EVALUATIONS. CONCLUDING REMARKS,
AND FUTURE WORK
The evaluation of the biological properties of PMA and its
derivatives to determine their potential applications has been under
investigation at the C.N.R.S. Laboratoire des Substances
Macro.oleculaire in Mont Saint Aignon, France, by Vert and coworkers.
The results of their investigations have been presented
elsewhere, 172-174 and only a brief summary follows.
To test the applicability of PMA as a biomedical polymer,
accute toxicity and immunogenic ity studies in mice and rabbits,
respectively, were performed. m the toxicity study, 18 mice were
injected with 0.5 ml of an aqueous solution of PMA containing up to
2.67 grams of PMA/kilogram of body weight. No deaths, shock, or long
term consequences were observed over a two month period. A search for
an immune response was performed on rabbits, but none was found under
the selected conditions. From these two tests, it was concluded that
PMA exhibited good short-term biocompatibility and is a good candidate
for a polymeric drug delivery system.
The feasibility of attaching alcohol and amine containing com-
173pounds was demonstrated. By using dicyclohexylcarbodiimide at
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roo. temperature, both alcohol and aMne containing compounds were
coupled With PMA in acetone solutions. Wi.h ben.,1 alcohol, up
.o 40
percent of the acid groups in PMA were esterif ied
.
PolyCbenzyl
.alolactonate-co-.alolactonic acid) copolymers of
various composition were obtained by two methods: (1) partial hydroge-
nolysis of PMLABE and (2) coupling of benzyl alcohol with PMA. 174
The two methods were used to obtain copolymers in which approximately
20 percent of the carboxyl groups were benzyl esters. From GPC data
and from the solubility characteristics of a lipophilic dye (Yellow
OB) with the copolymers, it was concluded that different copolymer
structures were obtained and different conformations in solution
resulted. A block copolymer structure was obtained by partial hydroge-
nolysis of PMLABE and a random copolymer structure was obtained by
coupling benzyl alcohol with PMA. The GPC data indicated that aggre-
gates of many macromolecules had formed in aqueous solutions of the
block copolymers (from partial hydr ogenolysis of PMLABE) while the
random copolymer (from coupling of benzyl alcohol with PMA) had a
hydrodynaraic volume similar to the all acid form of the polymer (PMA).
The former copolymer was capable of solubilizing a water insoluble
dye, while the latter copolymer was not.
It was shown that the presence of hydrophobic groups (benzyl
ester portion) in a hydrophilic polymer (PMA) can effect the confor-
mation of the polymer in solution, and an investigation was carried
out to determine what effect, if any, that this may have on the biolo-
gical properties of the polymer. Toxicity studies in mice with PMA
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and .He two copol3.e.s mentioned above we.e pe.fo^ed and an LB 50 .as
determined. The low toxicity of PMA was reflected in a KigH 50
value Of 3.300 of bod. weight. The rando. copol... prepared b.
.he coupling reaction bad an LD 50 greater than 1,000
.g/.g of bod.
weight, While the bloc, copolymer prepared by partial h.drogenolysis
had a very low LD 50 of 300
.g/.g of body weight, ^ese results indi-
cated that the distribution of repeating units in PMA derivatives can
have a large influence on biological properties.
Currently, Vert and coworkers are concentrating on the solu-
tion properties of PMA in water, and on the tailor-.aking of complex
systems in order to investigate structure-property relationships.
Work is also underway to investigate the degradation of PMA and its
derivatives in aqueous solutions at several pH levels. The preparation
of macromolecular drugs will be attempted once the physico-chemical
behavior of the systems is understood.
Concluding Remarks
As a result of this investigation, several conclusions can be
drawn regarding the synthesis and polymerization of malolactonate
esters and the conversion of poly(benzylmalolactonate) to
poly(3-malic acid). The conclusions are outlined below.
Monomer Synthesis
1) No catalyst or soluble silver salts are required for lac-
tonization of bromosuccinate esters.
2) High yields are possible In reasonable tl„es by proper
choice of solvents and temperatures for the reaction.
3) The nature of the bro.osucclnate ester group Influences
the solvent and reaction temperature required to permit
Isolation of high yields of the malolactonate.
4) Purification of benzyl malolactonate by distillation Is
limited to small quantities.
Anionic polymerization
1) High purity monomer is important for obtaining high mole-
cular weight polymers, because of the presence of reac-
tive impurities.
2) Highest molecular weights are obtained from low tem-
perature (25»C) bulk polymerizations with triethylamine.
3) Solution polymerizations produce lower molecular weight
polymers than bulk polymerizations under comparable
conditions
.
4) A transfer reaction to monomer limits the molecular
weight,
5) The extent of transfer is greater with the alkyl malolac-
tonates than with benzyl malolactonate. Invoking sterric
or electronic influences by the ester group to account
for this behavior does not seem appropriate, and the pre-
sence of reactive impurities was not unequivocally
established.
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Cationlc Polymerization (of mlarf.^
1) Only low molecular weight polymers are produced.
2) Low conversions in long reaction times resulted in low
yields of polymers.
Polymerization with Trlethylaluminni. U.to.
1) LOW yields of the poly(malolactonate esters) are obtained
in all cases*
2) Decreasing the size of the ester group Increases slightly
the yield of polymer.
3) Crystalline polymers are obtained except with i-propyl
malolactonate.
Conversion of PMLABE to PMA
1) The nature of the solvent and catalyst have a large
influence on the rate of hydrogenolysis.
2) The molecular weight of the starting PMLABE does not
effect the rate of reaction.
3) The reaction proceeds readily at room temperature to
complete conversion and no polymer backbone ester hydro-
genolysis was detected under the conditions used.
Future Work
In the present investigation, a high yield synthetic procedure
for the preparation of malolactonate esters was described, and poly-
merization of MLABE to high molecular weight (up to 50,000) was shown
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to be possible by using high purity monomer and low temperature bullc
polymerization with triethylamine. Despite these advances, several
problems remain including the need for a high yield synthetic proce-
dure for the preparation of optically active MLABE and a simpler route
for the preparation of large quantities of polymer (PMA) from both
racemic and optically active monomers. In this study, large amounts of
PMLABE (and PMA) were not obtained because the vacuum distillation
method used for MLABE was limited to small quantities. If crystalline
MLABE of either R or S configurations were available, purification by
recrystallization could preclude the need for the low yield vacuum
distillation and allow purification of larger quantities of MLABE. The
availability of monomers with either an R or an S configuration, or of
both, would also allow flexibility in the preparation of the polymers
in that isotactic crystalline polymers of all R or S configuration
could be prepared by homogeneous anionic reactions. These polymers
could then be compared in behavior to an atactic polymer prepared by
the anionic polymerization of a racemic mixture of the R and S mono-
mers. The evaluation of the effect of polymer structure on biological
properties could then be undertaken, and greater flexibility in
tailor-making a polymeric drug carrier could result.
Two suggestions for future work which may allow achievement of
these goals follow:
1) In this investigation, the preparation of maloactonate
esters in high yield was accomplished by the ring closure
of 3-bromoacids. Even if the chiral 3-broraoacids were
Obtained, race.lzation to so^e extent would probably
occur during lactonization by attack of a bromide ion.
liberated fro. an already formed lactone, on the starting
bronioacid, which would result in inversion of con-
figuration at the S-carbon. Use of a different leaving
group, which is a weaker nucleophile,
.ay prevent race.i-
zation and still lead to high yields of the lactone. The
sulfonic esters, commonly referred to as tosylates, bro-
sylates, nosylates. and mesylates, are all better leaving
groups and weaker nucleophiles than a halide ion.^^^
Synthesis of a succinate ester, bearing one of these
sulfonic ester groups in the beta position, could be
accomplished starting with malic acid by es terification
of the hydroxyl group. Because malic acid is commer-
cially available in both R and S forms, a route to both
optical isomers of the malolactones would be obtained.
An alternative to this approach was mentioned in Chapter
II and stems from the work of Wynberg, who prepared the
optically active forms of l3-trichloromethyl-3-
propiolactone in high yield and high optical purity.
The lactones were formed by the reaction of ketene with
chloral, in the presence of one of two diastereomeric
cinchona alkaloids. The analogous reaction, between a
glyoxylate ester and ketene, may lead to optically active
raalolactonate esters.
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INDEX OF SPECTRA
SPECTRUM No.
COm^OUND IR hi NMR
"^C NMR
Bromosuccinic anhydride 1 —
Benzyl maleate 2 -
—
Benzyl bromosuccinate (s) 3 1 1,2,3
— Benzyl malolactonate 4 2 5
Poly (benzyl malolactonate) 5 3 9
Poly (e-malic acid) 6 —
-
Dimethyl funarate
— 4 -
Methyl bromosuccinate (s) 7 — 4
Methyl malolactonate 8 5 6
Poly (methyl malolactonate) 9 6 10
Methyl fumarate 10 - -
Methyl maleate 11 - —
Ethyl maleate 12 — -
Ethyl bromosuccinate (s) 13 - -
Ethyl malolactonate 14 7 7
i-Proyl bromosuccinate (s) 15
i- -TLupyj. IIlciJ.uxa C tOIla. tc io 9 8
Poly (ethyl malolactonate) 17 8 11
Poly (i-propyi malolactonate) 18 10 12
t-Butyi malolactonate 19 11
t-Butyl bromosuccinate (s) 13
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